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1.1 Genesis of the projects  
This thesis covers four topics. In three topics, the working hypotheses were based on the 
assumption that bioactive molecules modulate interactions of fungi with plants or animals in 
certain ways. The molecules supposed to mediate fungal interactions in the first three projects 
were (i) fungal proteins hypothesized to modulate infection of host plants and/or protect the 
producers of the proteins from predators; (ii) plant metabolites toxic to microorganisms, which 
are supposed to prevent infection of their producers with pathogens; and (iii) fungal metabolites 
supposed to deter animal predators. The fourth project was unrelated to the common theme. I 
became part of my thesis as I supported a fellow student who lacked skills in sequence analysis 
and data processing, which I acquired while studying certain genes in Verticillium longisporum 
(see below). Some results obtained in the last project, however, tuned out to be relevant for 
general considerations about ecological roles of biologically active molecules, which were 
inspired by first three projects. In the following, the genesis of the projects is described and and 
decisions made regarding the focus and ramifications of the work and exploitation of new ideas 
are explained. 
In the first project, the bioactive molecules studied were NLPs (Necrosis and Ethylene Inducing 
Peptide 1-Like Proteins) produced by the pathogen of crucifers Verticillium longisporum. The 
proposal for this project was based on preliminary results indicating that V. longisporum inherited 
a rather large set of NLP genes from its parents and that some of these genes appeared not to be 
expressed. A second premise for the proposal was the observation that NLPs from many 
microbes act as microbe-associated molecular patterns (MAMPs), triggering plant defense responses 
(Oome et al. 2014). The proposal was based on the hypothesized that some NLPs of 
V. longisporum trigger immune response in B. napus, and that the genes encoding these NLPs 
have been silenced during the adaptation of V. longisporum to crucifers. To test this hypothesis, 
the goals were set to identify NLP genes of V. longisporum that are not expressed and to elucidate 
the effect of their products on the infection of B. napus. Construction of V. longisporum strains 
expressing NLP genes that are not expressed in the wild-type strain was the central strategy. 
Furthermore, the project proposal suggested testing the effect of NLPs on the integrity of plant 
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tissue ahead of the fungus, following the hypothesis that NLPs secreted in the hypocotyl are 
transported with the transpiration stream upwards, reaching the top of the shoot. We speculated 
that there NLPs would destroy plant tissue, releasing nutrients that would be used at later stages 
of infection on by the pathogen. In the proposal, we also elaborated on the ability of NLPs to 
trigger immune responses. The proposal has foreseen that I would test NLPs from V. longisporum 
in Yuelin Zhang's laboratory in the University of British Columbia in Vancouver, Canada, though 
these experiments were not explicitly set as a scientific goal. After the project started, 
publications from other laboratories what study NLPs appeared, forcing us to adjust the focus of 
the work accordingly. Firstly, a publication from T. Nürnberger's laboratory in Tübingen 
described that a number of peptides derived from NLPs from different organisms acted as 
MAMPs (Albert et al. 2015). The set of peptides tested in thework included a sequence 
originating from Fusarium oxysporum, which was nearly identical with a subsequence of 
cytotoxic NLPs from V. longisporum. The difference occurred at two residues that were shown 
not be essential for cytotoxicity. Reproducing these results with a purified NLP from our 
laboratory has not appeared meaningful, but I carried out the experiment in order to learn the 
techniques and also to benefit from the exposure to a different working environment in 
Yuelin Zhang's laboratory.  
NLP was a hot topic as the project started further key publications appeared. One of these 
publications revealed the mode of action of cytotoxic NLPs. The team led again by T. Nürnberger 
showed that NLPs bind to certain sphingolipids anchored in the plasmalemma of dicot plants 
(Lenarcic et al. 2017) and subsequently causes disintegration of the membrane. The loss of 
membrane integrity accounts for the cytotoxicity of certain NLPs, which is commonly visualized 
by infiltrating NLP solutions into leaves of dicot plants. In light of these results and considering 
that leakage of nutrients in upper shoots of B. napus infected with V. longisporum is unlikely to 
significantly benefit a pathogen that does not colonize this tissue before the onset of senescence, 
the priority was shifted to tasks that regarded as more promising. Analysis of the expression of 
NLP genes in V. longisporum and construction and testing V. longisporum strains overexpressing 
silent NLP genes remained major tasks of the project.  
The enumeration of NLP genes in V. longisporum proved difficult due to conflicts among 
genome databases and contradictions between our sequencing results and database entries. 
Eventually the discrepancies we resolved and we established that V. longisporum harbored 8 NLP 
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genes, which were very similar to NLP genes of its likely parent V. dahliae (Santhanam et al. 
2013, Zhou et al. 2012). These results are described in the first manuscript, which also shows 
expression analysis of NLP genes in a set of V. longisporum strains of different aggressiveness, 
the construction and testing overexpression mutants, and additional results related to the potential 
roles of NLPs in the infection of B. napus with V. longisporum.  
The second project was inspired by the observation that infection of B. napus with 
V. longisporum induced the synthesis of certain phytoalexins. Phytoalexins are plant defense 
metabolites toxic to fungi and bacteria, supposed to protect plants from pathogens (Ahuja et al. 
2012). Numerous fungal pathogens of B. napus were shown to be able to detoxify phytoalexins, 
which is regarded as a counter-defense activity faciliating colonization of hosts protected by 
phytoalexins (Pedras and Abdoli 2017). V. longisporum was the only fungal pathogen of B. napus 
that has not been characterized yet regarding the detoxification of phytoalexins. The 
circumstances that nearly all work on the detoxification of phytoalexins of B. napus was carried 
out in the laboratory of Soledade Pedras in Saskatoon, Canada, and that V. longisporum has not 
been found in Canada before 2015 (Kochgar 2015) might explain this situation. We designed in 
vitro experiments to determine whether V. longisporum can detoxify phytoalexins that are 
induced by its infection in B. napus, and whether different lineages and strains of V. longisporum, 
including apathogenic isolates, differ in their detoxification activities. Other fungal pathogens and 
saprophytes have also been tested (see below). 
The third project of the thesis was motivated by a critical evaluation of literature about NLPs, 
which was reviewed in the first project. We realized that the pervasive presence of NLP genes in 
the genomes of bacteria and fungi of all lifestyles clearly shows that the primary biological 
function of NLPs is unrelated to plant infection. Even if we would find that NLPs of 
V. longisporum contributed to its aggressiveness, as was shown for its parent V. dahliae in tomato 
(Santhanam et al. 2013), the results would not bring us any closer to the solution of the 
fundamental questions why NLPs exist and what is their primary function. We found this 
question fascinating and of prior scientific importance and created a working hypothesis by 
considering ecological circumstances that are common to bacteria, fungi and fungus-like protists 
(Oomycetes). These microorganisms  obviously share primary metabolism, principles of genetic 
machinery and structural features that are common to all life on Earth. All these features are 
indispnesible. NLPs are however dispensable: disruption mutants nut just survive; they usually 
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don't show any phenotype. We reasoned that these mutants must have a phenotype but laboratory 
tests used failed to reveal it, because they missed the conditions under which NLPs unfold their 
effects. Laboratory examination of gene disruption mutants commonly includes inspection of 
growth in axenic cultures and for pathogenic microorganisms also infection of hosts. These 
conditions failed to reveal the fundamental biological function of NLPs. The effects documented 
in the literature are secondary, as NLPs have been recruted for new functions, which in different 
phyla happened at different times and affected different activities. We reasoned the the 
fundamental biological function must be related to a trait that all microbes producing NLPs 
possess. All microorganisms in the ecosystem interact with other organisms. Because the 3D 
structure of some NLPs shared similarities with lectins that are toxic to animals (Ottmann et al. 
2009), we hypothesized that NLPs are involved in the defense of microbes against animal 
predators. This hypothesis was in the heart of the third project. We investigated the effect of 
predation on the transcription of NLP genes in V. longisporum, tested the preference of different 
arthropods for fungal mutants with disrupted NLP genes as compared to strains producing NLPs, 
and fed nematodes with NLPs produced from cloned genes in E. coli. We also examined the 
effect of predation on fungal transcriptome. This work led us to the discovery of a widespread 
defense mechanism in fungi, which became the focus of the third manuscript and involved futher 
PhD students and internal as well as external collaborators.  
 
1.2 Stereotypes in the research on NLPs and phytoalexins may prevent us 
from asking important questions 
The regulations of GGNB requires that a thesis consisting of manuscripts is equipped with a 
general discussion section. Although the projects deal with different molecules (proteins and 
metabolites) and different systems (plant/pathogen and fungus/predator), they possess common 
features, which can are overarching topics that are discussed in this chapter. The disappointing 
results of testing traditional working hypothesis of plant pathology regarding the roles of NLPs 
and phytoalexins in the infection of V. napus with V. longisporum have raised the first common 
theme, which is the role of stereotypes in the assignment of function to bioactive molecules in 
plant pathology. The second common theme, discussed in the next section, is an analogy between 
Summarized presentation of the topics 
 5  
 
the concept of ecological metabolites and the ecological functions of proteins mediating non-
nutritional interactions among organisms.  
In textbooks and even in texts targeting general public (BMBF 2019, Spiegel Online 1991, 
Hallmann et al. 2007), phytoalexins are described as metabolites that protect plants from 
microbial infection. The idea that detoxification of phytoalexins helps pathogens to overcome 
plant defense appears straightforward. The ability of pathogens to detoxify phytoalexins in vitro 
has been demonstrated in many publications. Conclusive evidence that these activities increased 
the fitness of pathogens within plants tissue, such as in the case of the detoxification of rishitin by 
Gibberella pulicaris (Weltring et al. 1998), is however very rare. Even in a textbook example of 
the detoxification of pisatin by Nectria haematococca (van Etten et al. 1989), which was one of 
major sources inspiring the phytoalexin hypothesis, the disruption of the gene for pisatin 
demethylase resulted in only a small decrease of virulence (Ciuffetti and van Etten 1996). As 
Agrios pointed this out in his textbook (Agrios 2005): "In general, it appears that phytoalexins 
may play a decisive or an auxiliary role in the defense of some hosts against certain pathogens, 
but their significance, if any, as factors of disease resistance in most host–pathogen combinations 
is still unknown" (highlighting by LS). The fact that detoxification of phytoalexins produced by 
B. napus has been exclusively studied in microorganisms that are able to infect B. napus further 
weakenes the inference drawn from these studies. An observation that detoxificaton activities are 
specific for pathogens of B. napus would support the hypothesis that they possess an adaptive 
value, but non-pathogens have not been included in these studies. Therefore, apart from the 
investigation of the detoxification of phytoalexins by strains of V. longisporum possessing 
different aggressiveness, we also studied pathogens that do not infect B. napus and saprophytes. 
This work was carried out by MSc student Cesar Figueroa under my supervision. It turned out 
that fungi that do not infect oilseed rape were often able to detoxify phytoalexins. These results 
do not corroborate the hypothesis that pathogens the developed of detoxification activities 
targeting phytoalexins produced by host plants was instrumental in the adaptation of pathogens to 
hosts. 
The cautionary view of expressed by Agrios in 2005 is still justified today. Detoxification 
activities of pathogens towards phytoalexins of their hosts are often not as clear-cut as expected 
(e.g., Denny and van Etten 1983). The results obtained with non-pathogens of oilsed rape raise an 
intriguing question: Why do fungi possess degradation activities towards phytoalexins that they 
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have not encountered in their life histories? We speculate that these activities might originate 
from enzymes that have different substrates in nature, for instance ecological metabolites 
produced by microbial competitors. The identification of the enzymes and genes involved in the 
degradation might be the first step towards clarification of this question. 
Investigations of NLPs have been guided by stereotypes, too. The field has been dominated by 
the idea that NLPs are virulence factors of plant pathogens. The fact that the first NLP was 
isolated from the pathogen F. oxyporum and that certain NLPs cause spectacular necrosis in 
dicots may account for this stereotype. Apart from the role of NLPs as virulence factors, research 
on NLPs in the last years focused on the induction of plant immune response by NLPs acting as 
MAMPs, and on the mechanism of cytotoxicity of certain NLPs in dicots. The investigation of 
the MAMP activity of NLPs was very successful, explaining the induction of immune response 
by NLPs at a molecular level (Albert et al. 2015). The results are important for our understanding 
of plant defense against microbial infection but they tell us n nothing about NLPs. The 
mechanism of cytotoxicity of certain NLPs in dicot plants was investigated an international team 
lead by the same laboratory, and it was equally successful. The authors identified the molecule 
binding NLPs to plant membranes and showed why NLPs are toxic to dicots but not to monocots 
(Lenarcic et al. 2017).  
Only a few laboratories were involved in studies of the mode of action of NLPs in dicots and the 
results led to impressive publications in leading journals. The situation is opposite regarding the 
research on the role of NLPs as virulence factors in plant infection. Many laboratories working 
on fungal pathogens tried to obtain support for the hypothesis that NLPs are virulence factors but 
most published results are negative, inconclusive (including previous results from our laboratory 
obtained with V. longisporum strains with NLP genes silenced with RNAi), or unconvincing 
because only a single disruption mutant without complementation was tested. Redundancy may 
explain the failure of first gene disruption experiments but in the meantime all NLP genes have 
been disrupted in several pathogens, e.g. four genes in M. gresea (Fang et al. 2017), without any 
detectable effect on virulence. These results are reviewed in the first manuscript. We realized that 
most work on NLPs of plant pathogens has been carried out with a single strain of a few strains at 
most and assumed that comparison of strains with different aggressiveness would be helpful. If 
NLPs are important in pathogenicity, the expression of their genes should be similar among 
aggressive strains, and it might be different in nonpathogenic strains. We found that expression 
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patterns of eight NLP genes of V. longisporum varied widely among strains. The expression 
patterns have not matched the virulence of the strains, contradicted the hypothesis that NLPs of 
V. longisporum are involved in pathogenicity. Overexpression of the NLP genes that are silenced 
in wild-type strains of V. longisporum has not affected the aggressiveness of the pathogen, 
disproving the hypothesis that silencing these genes was instrumental in the adaptation of 
V. longisporum to crucifers. The hypothesis was motivated by the discovery of MAMP-like 
activity of NLPs. Our results showed that the products of silenced NLP genes has not prevented 
or appreciably slowed down plant infection. The situation may be different in other systems but 
we doubt that the efforts to investigate further pathogens in the same way would be well spent. 
Investigating the question why pathogens produce NLPs that do not affect their interaction with 
hosts is more appealing and certainly more relevant.  
Critical examination of literature reveals that the number of pathogens in which NLP genes were 
shown not to affect aggressiveness of their producers might be even higher than conclusions of 
the publications suggest. The authors often tend to overstate weak positive results, as if they were 
disappointed that NLPs in their system had not shown the expected effects. For instance, in a 
recent publication the authors disrupted each of the two NLP genes in Penicillium expansum 
(Levin et al. 2019) and investigated the aggressiveness of the modified strains on apples. They 
concluded that "...deletion of Penlp1, but not Penlp2, resulted in reduced virulence on apples 
manifested by reduced rate of lesion development (disease severity)." Inspection of Fig. 5, which 
shows the pertinent data, reveals that the conclusion was overstated: the effect was marginal, and 
only a single mutant was tested without confirmation with an independent mutant or a 
complementation control. Furthemore, a discrepancy between qPCR and RNAseq results raises 
further doubts. It seems that the authors were disappointed to find that disruptions of NLP genes 
caused none or minor effects on infection, though the result was actually more interesting that the 
exprected effects would be. We believe that negative result of infection assays with NLP mutants 
stimulate ecological reasoning and advance the field more than finding that cytotoxic proteins 
enhance aggressiveness of nectrotrophic pathogens.  
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1.3 "Ecological molecules" as a common theme  
The molecules studied this thesis included proteins and secondary metabolites. Fungal proteins 
were studied in the project on NLPs, plant metabolites in the projects on phytoalexins and 
bioreactor, and fungal metabolites in the project on fungal defense. Although these projects 
shared little similarity on the first sight, we noted parallels between certain attributes and of 
metabolites and proteins studied. We begin by reviewing the role of the exchange of organic 
molecules among organisms in ecosystems.  
Exchange of molecules dominates inter-organismic interactions. Organisms in tropic 
relationships form food webs. The material that they exchange serves as a source of energy and 
provides building blocks for anabolic processes. Autotrophic organisms synthesize organic 
molecules from CO2 and salts using the energy of light (photoautotrophy) or chemical energy 
released in redox reactions (chemoautotrophy), while heterotrophs degrade organic molecules 
extracted from the bodies of living or dead autotrophs or other heterotrophs. Most organic 
molecules exchanged in multitrophic interactions among members of an ecosystem are primary 
metabolites such as proteins, polysaccharides, lipids and small molecules known as vitamins, 
which serve as precursors of enzymes. Small metabolites and building blocks of large molecules 
exchanged in food webs are conserved among all kingdoms of life. The high taxonomic 
specificity of structures of proteins and nucleic acids does not play any role in food webs because 
macromolecules are hydrolyzed into monomers by enzymes secreted into the environment or 
residing in the digestion track of animals. Food webs can only exist if the bodies of all 
participating organisms are based on the same chemistry. Conservation of primary metabolism is 
therefore a prerequisite for ecosystem functioning. The exchange of small and large molecules in 
food webs is well established.   
There is a second chemical web spanning all ecosystems, which differ from food webs in several 
aspects. In contrast to the conservation of primary metabolism and building blocks of biological 
macromolecules, molecules exchanged in the second chemical web are heterogeneous and 
diverse. Each molecule is produced by a single species or a small group of species. A second 
difference is that these molecules are not necessary for growth, development and reproduction of 
their producers. They play adaptive roles by improving the fitness of their producers under 
adverse conditions caused by abiotic and biotic stresses such as draught, lack of nutrients, UV 
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light, competition, predation, and parasitism. For convenience and due to the lack of a suitable 
term, the network of non-nutritional interactions among organisms mediated by biomolecules 
will be called "2nd web" here. Molecules exchanged in food webs provide receiving organisms 
with energy and building blocks for anabolic processes. In the "2nd web", the exchanged 
molecules convey information and/or modulate physiology or behavior of the receiving organism. 
The contribution of these molecules to energy uptake and anabolic processes in the target is 
negligible.  
Small molecules participating on the "2nd web" are specialized metabolites (formerly secondary 
metabolites). Due to their prevailingly ecological roles, these metabolites have also been dubbed 
"ecological metabolites" (Karlovsky 2008). Ecological roles of macromolecules, which are 
mainly proteins but as we recently learned can also include RNAs (Hua et al. 2018), are the same 
as the roles of ecological metabolites: they modulate interactions of organisms with other 
organisms and with inorganic environment. Because the the thesis focused on interactions among 
organisms, molecules that protect their producers from abiotic stress or facilitate acquisition of 
nutrients will not be discussed here.  
A common feature of food webs and the "2nd web" is that the trafficking of organic molecules is 
unidirectional. In food webs, nutrients are transferred from hosts, prey and dead bodies to 
parasites, predators and saprophytes, respectively. In the "2nd web", bioactive molecules move 
from producers to targets where they unfold their activities.  
 
1.4 Ecological molecules: proteins or metabolites? 
Specialized metabolites and proteins or peptides involved in non-nutritional interactions among 
organisms have been studied by different teams using dissimilar methods, and they have been 
treated separately in ecological considerations. These molecules are functionally equivalent, 
therefore we suggest embracing them in a common concept. Both kinds of molecules unfold their 
activity by binding to molecular targets with distinct structural features such as active sites of 
enzymes, receptors, membrane transporters or ion channels. Specialized metabolites are believed 
to fulfil ecological functions but these functions could so far be assigned only to a small fraction 
of known specialized metabolites (Karlovsky 2008).  
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In contrast to macromolecules exchanged in food webs, the structures of proteins and RNAs 
exchanged in the "2nd web" is essential for their function. Protein and RNA molecules involved in 
the "2nd web" have to resist hydrolysis until they fulfill their ecological function, while molecules 
exchanged in food webs must be hydrolyzed in order to fulfill their ecological role. Similarly as 
specialized metabolites, macromolecules of the "2nd web" provide negligible energy and 
biosynthetic precursors to their target organisms. 
Proteins and peptides control interactions among organisms by acting as effectors, toxins or 
physiological modulators. They cause the same sort of impacts as ecological metabolites. The 
term "ecological proteins" therefore appears suitable but because it is not established, it will be 
use it in quotation marks. "Ecological proteins" may kill fungal predators or deter them from 
feeding (Künzler 2015) or immobilize and kill the prey of carnivore animals (Chen et al. 2018), 
which are functions similar to the function of bis-naphthopyrones shown in our work to act as 
ubiquitous antifeedant (third manuscript). We hypothesized that NLPs act as "ecological 
proteins", protecting their producers from predation. The hypothesis was not supported but NLPs 
are still likely to belong to "ecological proteins", the biological function of which remains 
enigmatic. Effectors of plant pathogens that suppress plant defense (Toruno et al. 2016) and plant 
defense proteins targeting herbivores (Broadway et al. 1986, Peumanns and Van Damme 1995) 
fulfill the definition of "ecological proteins", too. Most research on NLPs so far focused on their 
potential roles in the infection of host plants by pathogens. Although the primary function of 
NLPs as "ecological proteins" cannot be related to plant infection, some pathogens seem to have 
recruited NLPs as factors supporting infection (Santhenam at al. 2013). The fact that NLPs serves 
as signals triggering plant defense responses (Albert et al. 2015) does not support their 
assignment to "ecological proteins" for the same reason as bacterial flagellin or fungal chitin do 
not belong to ecological molecules though they trigger defense responses in plants.  
An interesting question is the position of enzymatic activities degrading phytoalexins in this 
system. Phytoalexins are clearly part of the "2nd web". Enzymes of pathogens that degrade 
phytoalexins are dispensable. They enhance the fitness of their producers under adverse 
conditions, which are landmarks of "ecological proteins". However, these enzymes are not 
exchanged among the interacting organisms, which would exclude them from the "2nd web". This 
illustrates the limits of the suggested classification system. Some enzymes degrading 
phytoalexins might be secreted into plant tissue, which means that they traffic between their 
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producer and the target organisms. Thus these enzymes fulfill our definition of "ecological 
proteins". It appears artificial to assign extracellular but not intracellular degrading enzymes to 
the "2nd web". We therefore feel that the definition should be refined to include molecules that do 
not travel between interacting organisms but act upon molecules that have been exchanged.  
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Abstract 
The ascomycete Verticillium longisporum is an allodiploid hybrid adapted to infecting crucifers. 
Necrosis and Ethylene Inducing Peptide 1(Nep 1)-Like proteins (NLPs) are proteins sharing 
similarity with Nep 1 of Fusarium oxysporum. Some NLPs are cytotoxic in dicot plants and some 
induce plant defense responses. We found that the genome of V. longisporum harbors 8 NLP 
genes which are similar to NLP genes of V. dahliae. The purified product of VlNLP1 was 
cytotoxic in Arabidopsis, Brassica napus, and Nicotiana tabacum and triggered immune response 
in Arabidopsis. The expression pattern of NLP genes varied among the lineages of 
V. longisporum and among strains within a lineage. No correlation between the expression 
patterns of NLPs and strain aggressiveness was found. For example, VlNLP3 was the only VlNLP 
gene, the expression of which was not detectable in the virulent strain VL43 nor in the avirulent 
strains VL1198 and VL1199. VlNLP3 was expressed to a high level in the avirulent strain VL32 
and at low levels in the avirulent strain VL787 and the virulent strain VL1194. All VlNLPs were 
expressed in VL32, indicating that NLPs in V. longisporum are not virulence factors. To test 
whether VlNLP3 triggers plant responses that suppress disease symptoms, VlNLP3 and VlNLP2, 
which are very similar, were expressed in genetically engineered strain VL43. Infection of 
B. napus with two overexpression strains was indistinguishable from the infection with the wild 
type strain, showing that silencing VlNLP3 was not necessary for the adaptation of 
V. longisporum to B. napus. Interestingly, overexpression of both VlNLP2 and VlNLP3 enhanced 
the transcription of VlNLP1, indicating that VlNLP genes are controlled by a shared regulatory 
circuit. In a search for an alternative biological function of NLPs, the similarity of NLPs to 
certain lectins inspired a hypothesis that NLPs protect microorganisms from animal predators. 
Predation by the nematode Aphelenchoides saprophilus or springtail Folsomia candida has not 
affected the expression of eight NLP genes in V. verticillium nor three NLP genes in Fusarium 
graminearum. The springtail F. candida has not distinguished between the wild type strain of 
Zymoseptoria tritici and a mutant with the only NLP gene disrupted in food choice experiments. 
Feeding F. candida on the Z. tritici strain with the disrupted NLP gene has not enhanced the 
fitness of the springtail as compared to feeding on the wild type strains accumulating NLP. In 
summary, these experiments show that NLPs of V. longisporum play none or marginal role in the 
infection of B. napus, and also indicate that NLPs of V. longisporum, F. graminearum and 
Z. tritici are not involved in defense against animal predation.  
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2.1.1 The fungal genus Verticillium 
The ascomycete genus Verticillium currently contains ten soil-borne species (Inderbitzin et al. 
2011a), including V. longisporum, V. alfalfae, V. nonalfalfae, V. albo-atrum, V. nubilum, 
V  dahliae, V. isaacii, V. tricorpus, V. zaregamsianum, and V. klebahnii (Inderbitzin et al. 2011a; 
Inderbitzin and Subbarao 2014). Among them, V. dahliae, V. longisporum and V. albo-atrum are 
described as the most economically important species, especially V. dahliae causing vascular 
wilting disease in more than 200 plant host species (Inderbitzin et al. 2011a; Pegg and Brady 
2002). The estimated economic loss in one year caused by Verticillium disease can reach €3 
billion over the world (Depotter et al. 2016). Germany is one of the main regions for the 
production of oilseed rape (Brassica napus) in Europe following France (Eurostat 2019). 
Therefore, research on V. longisporum, as one of the major oilseed rape pathogens, is becoming 
increasingly important. However, the yield loss in oilseed rape caused by V. longisporum under 
field condition varies estimated to range from 10 to 50% (Dunker et al. 2008). 
V. longisporum was first isolated from horseradish and described as V. dahliae var. longisporum 
(Stark 1961). Although the authors found that conidia of V. longisporum were twice as long as 
V. dahliae and the oblong nuclei of V. longisporum differed from the spherical nucleus of 
V. dahliae, V. longisporum was not regarded as a distinct species for a long time. More than three 
decades later, Karapapa et. al. elevated V. longisporum to an independent species but until 
recently, V. dahliae and V. longisporum could not be easily distinguished (Karapapa et al. 1997). 
This re-classification is very critical, because these two fungi do not share plant hosts. To be 
specific, V. longisporum has only been observed to infect brassicaceous hosts in the field, while V. 
dahliae rarely infects crucifers but has a wide host range of non-cruciferous species (Inderbitzin 
and Subbarao 2014). Besides, V. longisporum contains about 1.7-1.8 times more nuclear DNA 
than V. dahliae, therefore it has been referred to as ‘near-diploid’ or amphidiploid (Karapapa et al. 
1997; Collins et al. 2003; Steventon et al. 2002). 
V. longisporum and V. dahliae are soil-borne plant pathogens that have similar life cycles (Fig. 1). 
Both pathogens are capable of producing black melanized microsclerotia and surviving in this 
dormant form for a long time until germination that is induced by root exudates of host and even 
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non-host plants, followed by hyphal growth directed towards the roots (Berlanger, I. and 
Powelson, M.L. 2000; Leino 2006). When the hyphae reach root hairs, they grow towards the 
root surface and penetrate it. Natural root wounds are another way how the pathogens enter the 
host plants (Karapapa et al. 1997). Inside the root cortex, hyphae grow inter- and intracellularly 
towards the central cylinder and eventually colonize xylem vessels (Eynck et al. 2007) and 
clumped at the end of a tracheid. These conidia are able to germinate and penetrate into adjoining 
vessels (Garber, R. H. and Houston, B. R. 1966). Due to the restricted colonization of 
V. longisporum in individual xylem vessels, the transpiration stream is not disturbed by occluding 
xylem vessels (Kamble et al. 2013). In senescing plants V. longisporum breaks out of xylem, 
microsclerotia are formed in the tissue. With plant debris microsclerotia are deposited on the soil 
surface or plugged into the soil where they allegedly can survive up to 15 years (Fradin and 
Thomma 2006). A recent study has found that V. longisporum is capable to transmit by the seed 
of oilseed rapes under greenhouse condition and by the seed of spring oilseed rape in the field 
(Zheng et al. 2019a). It is important to note that the disease development and symptoms in 
oilseed rape after artificial infection with V. longisporum by root dipping differs from the disease 
development and symptoms observed under field conditions. The typical field symptom, which is 
dark unilateral striping on the stem, is missing in artificially inoculated plants, while the 
symptoms observed in the greenhouse, which are chlorosis and stunting at early growth stages, 
are missing in infected plants in the field (Eynck et al. 2007; Eynck et al. 2009; ZEISE and 
Tiedemann 2002).  
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Fig. 1 Disease cycle of Verticillium longisporum on Brassica napus. 
1. Microsclerotia reside in soil; 2. Root exudates trigger microsclerotia germination and hyphae grow 
toward roots; 3. V. longisporum penetrates the epidermal cells of lateral roots or enter through root 
wounds; 4. Before ripening, crops remain asymptomatic; 5. During ripening, dark unilateral striping are 
observed on plant stem; 6. Microsclerotia are formed and released with plant debris in to soil. The figure 
was modified based on Depotter et al. (2016). 
 
As indicated by its genome size and molecular marker studies, V. longisporum is a merodiploid 
(amphihaploid) hybrid deriving from two haploid species (Collins et al. 2005; Clewes et al. 2008). 
Comparison of sequences of 7 single-copy genes in a large set of V. longisporum isolates 
established that hybridization events leading to V. longisporum occurred at least three times and 
involved four parents comprising two lineages of V. dahliae and two yet undescribed Verticillium 
species (Inderbitzin et al. 2011b). 
Hybridization of A1 with D1, D2 and D3 formed three V. longisporum lineages A1/D1, A1/D2 
and A1/D3, respectively (Fig. 2). Among the parents, A1 and D1 is unknown species while D2 
and D3 are considered to be lineages of V. dahliae (Inderbitzin et al. 2013) (Fig. 2).  
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Fig. 2 The three lineages of Verticillium longisporum A. Phylogenic analysis of putative parents of V. 
longisporum. B. The three lineages A1/D1, A1/D2 and A1/D3 are hybridized by the combination of two 
unknown Verticillium species A1, D1 and two V. dahliae species D2 and D3, respectively. The figure was 
modified based on Depotter et al. (2016). 
 
Because the lineages of V. longisporum cannot be differentiated by morphological characters, the 
molecular technique is used for lineages identification. PCR primers designed by Inderbitzin et al. 
(2013) for multiple PCR markers are commonly used to distinguishing the lineages of 
V. longisporum from each other and from V. dahliae.   
Distinct differences in virulence and pathogenicity among the lineages of V. longisporum 
lineages and between V. longisporum and V. dahliae were demonstrated (Novakazi et al. 2015). 
All three lineages of V. longisporum are more virulent on crucifers than V. dahliae; differences 
among lineages in aggressiveness on crucifers have been observed, but the variation among 
isolates within lineages was large. The lineage A1/D1 is the most virulent group on all 
Brassicaceae plants. Lineages A1/D1 and A1/D3 show host specificity for oilseed rape and 
cauliflower, while A1/D2 is specific to horseradish. Interestingly, the most aggressive strain 
found so far on oilseed rape (VL1194) belongs to the lineage A1/D3. The overwhelming majority 
of strains in this lineage are less virulent on all tested host plants as compared to strains of the 
A1/D1 lineage. It is generally assumed that V. dahliae is more aggressive than V. longisporum on 
all host plants except Brassicaceae. Unexpectedly, one V. longisporum strain was demonstrated 
to be as virulent as V. dahliae on tomato, lettuce, eggplant and even watermelon, which indicates 
that the host range of V. longisporum is much wider than only Brassicaceae under conditions of 
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2.1.2 Necrosis and ethylene-inducing peptide 1 (Nep 1)-like proteins (NLPs) 
Necrosis and ethylene-inducing peptide 1 (Nep 1)-like proteins (NLPs) are distributed among a 
wide range of prokaryotic and eukaryotic microorganisms with diverse lifestyles, including the 
kingdoms of fungi, protists (Oomycetes) and eubacteria (Pemberton and Salmond 2004; Gijzen 
and Nürnberger 2006). The first characterized NLP, designated Nep 1, was 24 kDa protein 
isolated from culture filtrates of the vascular wilt fungus Fusarium oxysporum. The infiltration of 
Nep 1 into various dicotyledonous plants, but not monocotyledon, caused necrosis on the leaves 
and induced ethylene production (Bailey 1996). The necrosis triggered by NLPs is different from 
the programmed cell death associated with plant immune response (Qutob et al. 2006). Proteins 
of the NLP family contain a conserved NPP1 domain containing a strongly conserved seven-
amino-acid motif, GHRHDWE (Fellbrich et al. 2002). Based on the NPP1 domain, the Pfam 
domain PF05630 was defined (Fellbrich et al. 2002). An overwhelming majority of NLPs contain 
an N-terminal signal peptide (SP), indicating that they are secreted, and many NLPs have indeed 
been isolated from culture media. When NLP genes are expressed in plants, their product trigger 
necrosis only when the NLPs are secreted into the apoplast and thus can interact with the outer 
surface of plasmalemma (Qutob et al. 2003; Qutob et al. 2006). The cytotoxic activity of NLPs, 
the plant immune defense triggered by NLPs and the effect of NLPs on the aggressiveness and 
virulence of pathogens are the three most studied topics in research on NLPs. 
Three NLP subfamilies are distinguished based on the presence of conserved cysteine residues. In 
2006, type 1 NLP containing two conserved cysteines and type 2 NLP with four cysteines were 
defined by Nürnberger group (Gijzen and Nürnberger 2006). With the increasing number 
characterized NLP genes, the third type of NLP was defined (Oome and van den Ackerveken 
2014), which differs from the types 1 and 2 to a larger degree than they differ from each other. 
While all type 1 and type 2 NLPs contain the entire NPP1 domain, type 3 NLPs share only a 
central sequence (around 50 amino acids) including the conserved heptapeptide motif. Moreover, 
the six cysteine residues of type 3 NLPs are not located near the “GHRHDWE” motif, hence they 
do not match the type 1 and type 2 disulfide bridge pattern. NLPPya found in the oomycete 
Phythium aphanidermatum (Oome and van den Ackerveken 2014; Ottmann et al. 2009), NLPPcc 
identified in the soft-rot bacterium Erwinia (Pectobacterium) carotovora subsp. carotovora 
(Mattinen et al. 2004) and NLP from the fungus Aspergillus fumigatus (Afu5g02100) (Oome and 
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van den Ackerveken 2014) were selected to show the architecture of the three NLP types in Fig. 
3.  
 
Fig. 3 Schematic representation of three types of NLPs. Phythium aphanidermatum, Erwinia 
(Pectobacterium) carotovora subsp. carotovora and Aspergillus fumigatus (Afu5g02100) were used as 
representatives for type 1, type 2 and type 3 NLPs. Type 1 NLPs contain two conserved cysteines and type 
2 NLPs have four cysteines, while six cysteine residues of type 3 NLPs are not located near the 
“GHRHDWE” motif, hence they do not match the type 1 and type 2 disulfide bridge pattern. The figure 
was modified based on Oome and van den Ackerveken 2014).  
 
The distribution of 533 NLP genes in more than 150 species showed that type 1 NLPs are present 
in fungi, oomycetes and bacteria; type 2 NLPs are found in fungi and bacteria, and type 3 NLPs 
only occur in fungi (Fig. 4). All three types of NLPs in a single species are only found in 
Ascomycetes, such as in the species Verticillium studied in this work. It indicates that NLPs 
might have originated in the phylum Ascomycota. Studying NLPs of Ascomycetes might help to 
clarify the evolutionary history of NLPs. Horizontal gene transfer of NLPs from Ascomycetes to 
other organisms have been suggested (Oome and van den Ackerveken 2014), but origin in a 
common ancestor followed by a selective loss of certain NLP types in some evolutionary lineages 
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Fig. 4 Distribution of three types of NLPs among three kingdoms. In all analyzed species containing 
NLPs, 91 species are type 1; 100 species are type 2 and 31 species are type 3. Besides, fungi contain most 
species with type1 and all species with type 3 NLPs. The figure was modified based on Oome and van den 
Ackerveken (2014).  
 
Type 1 NLPs are classified based on a single disulfide bridge. This disulfide bridge is required 
for necrosis (Ottmann et al. 2009). Type 1 NLPs have been identified in fungal species that do 
not infect plants such as the cellar mold Zasmidium cellare (Crous et al. 2009), saprophytic 
species of the genera Neurospora and Aspergillus and mycoparasitic Trichoderma spp. (Schmoll 
et al. 2016). Pathogens of monocot plants have NLPs as well, such as the genera Magnaporthe, 
Setosphaeria, Phrenophora and Cochliobolus, though NLPs do not cause necroses in monocots 
(Bailey 1996).  
Type 2 and type 1 NLPs share an overall structure. They differ by a second disulfide bridge in 
NLPs type 2, but which is lacking in type 1. The second disulfide bridge is not necessary for 
necrosis formation. In addition, type 2 NLPs have some conserved motifs that differ from type 1. 
For example, type 2 has a potential motif for binding calcium (Rigden and Galperin 2004). Most 
of type 2 NLPs are also found in the Ascomycota. In addition to the plant pathogens, 
entomopathogenic microorganisms and animal pathogens harbour type 2 NLPs as well (Vega et 
al. 2009; Santos et al. 2011). 
Type 3 NLPs are special in not sharing homology with the other two types, except for the motif 
“GHRHDWE” and its surrounding amino acid residues, which form an acidic cation-binding 
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sequence.  Type 3 NLPs have only been identified in the Ascomycetes which were suggested as 
the origin of the entire NLPs family. Due to large differences among type 3 NLPs, it is difficult to 
build a representative three-dimension model. Although not many type 3 NLPs have been 
identified compared with the other two types, species not pathogenic to plants harbour this NLP 
type as well, such as the bat pathogen Geomyces destructans and the nematode pathogen 
Arthrobotrys oligospora (Albert et al. 2015; Oome and van den Ackerveken 2014).  
In summary, the types of NLPs are defined by the presence of disulfide bridges and by sequence 
homology. All three types are found in species that do not infect plants, including saprophytes, 
insect pathogens and animal pathogens. Therefore, the primary biological function of NLPs is 
unlikely related to plant pathogenicity.  
 
2.1.3 Cytotoxicity of NLPs and their activity as MAMPs  
Since the first NLP from F. oxysporum was characterized, the cytotoxicity and necrosis-inducing 
activity of NLPs from a broad range of microbes have been demonstrated on dicotyledonous 
plants, but not on monocots (Santhanam et al. 2013; Mattinen et al. 2004; Feng et al. 2014). A 
signal peptide (SP) is necessary for the necrosis formation by NLP transiently expressed in plant 
cells, which indicated that the functional target of NLPs is extracellular of the outer surface of the 
plasma membrane of eudicot plants (Qutob et al. 2006). The glycosylinositol phosphorylceramide 
(GIPC) sphingolipids localized on the outer side of plasmalemma were identified as the 
molecules binding NLPs in a recent study (Lenarčič et al. 2017). The reason why NLPs does not 
cause necrosis in monocots was also explained. As shown in Fig. 5, the length of GIPC sugar 
head of monocots with three hexose units (called series B GIPC) is longer than the sugar head of 
dicots with two terminal hexoses (called series A GIPC). It means that the series A GIPCs of 
dicots is closer to the cell membrane surface than series B. The larger distance of NLPs bound to 
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Fig. 5 Schematic figure of NLP cytotoxin specificity. The sphingolipid GIPCs of dicots have one less 
hexose than monocots, resulting in closer to the cell membrane surface and easier contact and insert into 
lipid bilayer. The figure was modified based on van den Ackerveken (2017). 
 
In addition to SP, the disulfide bridge A formed by the first pairs of conserved cysteine is 
essential for necrosis, but the bridge B which only exist in type 2 NLP is not required (Oome and 
van den Ackerveken 2014). The integrity of proteins is also necessary (Veit et al. 2001).  
Plasma membrane leakage caused by NLPs was elucidated by in vitro studies of permeabilization 
of membrane vesicles derived from dicot lipids (Ottmann et al. 2009). Permeabilization of the 
vesicles showed that NLPs were cytolytic toxins. Several amino acid residues located in the 
conserved region of the NPP1 domain and its heptapeptide motif (GHRHDWE) were essential 
for the permeabilization of membrane vesicles. Since the permeabilizing ability of NLPs 
inevitably leads to damage of plant cells, NLPs could act as damage-associated molecular 
patterns (DAMP), which induce plant immune response differently from pathogen-associated 
molecular patterns (PAMP).  
Most of the cytotoxic NLPs belong to type 1, but necrosis-inducing abilities were also identified 
in type 2 and type 3 NLPs, such as type 2 NLP from Pectobacterium (Erwinia) carotovorum 
subsp. carotovorum (Mattinen et al. 2004) and type 3 NLP from Penicillium expansum (Levin et 
al. 2019). Most of NLPs are not cytotoxic. For example, seven out of nine VdNLPs from V. 
dahliae isolate V592 (Zhou et al. 2012), eleven out of nineteen PsNLPs in Phytophthora sojae 
(Kanneganti et al. 2006), two out of three PiNLPS in Phytophthora infestans (Kleemann et al. 
2012) and twelve HaNLPs tested in Hyaloperonospora arabidopsidis are not able to cause 
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necrosis in leaves of dicot plants (Chen et al. 2018). Therefore, all the evidence indicates that the 
initial role of NLPs is not related to the damage of plant cells.  
Innate immune systems protect plants from microbial infection (Macho and Zipfel 2014). Plant 
immune responses start with the recognition of pathogen-associated molecular patterns (PAMP) 
or microbe-associated molecular patterns (MAPM) by pattern recognition receptors (PRRs) in a 
process called PAMP-triggered immunity (PTI) or MAPM-triggered immunity (MTI) (Böhm et 
al. 2014a; Gust and Felix 2014). During the co-evolution of plants and their pathogens, some 
microbes developed effectors in order to suppress PTI. Host plants, in turn, developed 
mechanisms triggering immune responses based on the recognition of effectors, called effector-
triggered immunity (ETI) (Dou and Zhou 2012). Plant immune responses are subsequently 
activated, such as the production of reactive oxygen species, ethylene biosynthesis, PR protein 
expression, callose apposition and activation of mitogen-activated protein (MAP) kinase cascades 
(Thomma et al. 2011; Tsuda and Katagiri 2010; Nitta et al. 2014). In addition, the damage of 
plant cells inflicted by toxicity is also able to trigger plant immunity.  
A certain conserved region of MAMPs is sufficient to trigger the basal immune response in plants. 
For instance, a 22 amino acids fragment of flagellin (flg22) can be recognized by proteins 
designated LRR PRRs and cause MTI in host plants (Felix et al. 1999). LRR PRRs include two 
groups, LRR-receptor kinase PRRs (LRR-RKs) and LRR-receptor protein PRRs (LRR-RPs), 
which mediate pattern binding and initiate intracellular signal transduction (Böhm et al. 2014a; 
Gust and Felix 2014). In addition, receptors usually work in complexes with co-receptors during 
signal transduction (Gust and Felix 2014).  
Various necrosis and ethylene-inducing peptide 1 (Nep1)-like proteins (NLPs) act as MAMPs, 
triggering plant immune responses. As far as we know, NLP family is the first proteinaceous 
MAMP spread among three kingdoms of microorganisms. A pattern of 20 amino acids residues 
of NLP protein (nlp20) is sufficient to active plant immunity in different Brassicaceae species, 
including Arabidopsis. Unlike cytotoxicity, only type 1 NLPs was reported to be able to trigger 
plant immune responses. Nlp 20 is able to bind to RLP23 (LRR-RP), following a tripartite 
complex formation in a ligand-independent manner with SOBIR1 (Suppressor of Brassinosteroid 
insensitive 1 (BRI1)-associated kinase (BAK1)-interacting receptor kinase 1), and in a ligand-
dependent fashion with BAK 1. In short, NLP-triggered immunity is mediated by a receptor 
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complex RLP23-SOBIR1-BAK1 (Albert et al. 2015). Pretreatment of plants with NLPs increased 
plant resistance to other pathogens (Albert et al. 2015). 
 
2.1.4 Fungal defense against predators 
The biomass of soil fungi is a nutrient-rich food for soil invertebrates, such as mites, 
collembolans and nematodes. In the long co-evolutionary process, fungi developed chemical 
defense mediated by proteins or secondary metabolites in order to protect themselves from 
predation. Fungal toxins have been investigated extensively for their potential role as defense 
compounds acting against fungal predators (Janzen 1977). Our work in Article III revealed that a 
nontoxic pigment, bis-naphthopyrone aurofusarin, protects Fusarium fungi from predators, 
including springtails, woodlice and insects.  
All members of the fungal genus Fusarium are plant pathogens, and all colonize in plant residues 
on the soil surface. They are famous for their capacity of mycotoxin production. Fusarium 
mycotoxins deoxynivalenol (DON), zearalenone (ZEA) and fumonisin B1 (FB1) endanger the 
health of consumers and life stock. Therefore, mycotoxin production in this fungal genus has 
been studied extensively. The role of mycotoxins of Fusarium in defense against predators has 
however not been supported. Therefore, defense proteins may protect Fusarium spp. from 
predators. A feature shared by all microbes producing NLPs is that they are the prey of soil fauna. 
Together with the observation that some NLPs act as toxins (though the toxicity has only been 
observed in dicot plants so far), this feature inspired the hypothesis that the biological function of 
NLPs maybe defense against predation. NLP members identified in Fusarium species are similar 
to VlNLPs studied in our laboratory, therefore they appeared suitable for testing the new 
hypothesis.  
Zymoseptoria tritici, previously known as Mycosphaerella graminicola, is a dimorphic 
ascomycete fungus (Quaedvlieg et al. 2011; Dean et al. 2012). It infects the leaves of wheat, 
causing septoria tritici blotch (STB) in both durum wheat (Triticum durum) and bread wheat 
(T. aestivum) (Perez-Nadales et al. 2014). Due to the importance of STB, the pathogen is very 
well studied. Z. tritici is an ideal model for examining the function of NLPs, because only one 
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The genus Aphelenchoides belongs to the family Aphelenchoididae Skarbilovich. Most members 
of Aphelenchoides are fungivorous, including Aphelenchoides saprophilus.  
Predators used in this study included Folsomia candida, Trichorhina tomentosa and Tenebrio 
molitor. F. candida belongs to the order of Collembola, which is commonly named springtails. It 
is a primitive arthropod, which can be found in soils worldwide. Its diet consists mainly of 
nematodes and fungi but also from algae and detritus (Ponge 2000). T. tomentosa, commonly 
known as dwarf white isopod, belongs to the order of isopoda and can be found in tropical 
regions in rotten wood, leaf litter and moist soil (Javidkar et al. 2015). They are used in research 
for testing the toxicities of chemicals in the terrestrial environment and for studies of food 
preference and growth (Drobne 1997), which made them an obvious choice for the following 
experiments.T. molitor, also known as yellow mealworm beetle, is an insect from the order of 
Coleoptera. They feed on various plant products, such as grain and flour, and also animal 
products, and can be found in granaries, mills and grain elevators as a storage pest. T. molitor is 
mostly found in synanthropic environments (Majka et al. 2008). For the following study, only the 
larvae of this species were of interest. Because worms consume the grain media in addition to 
fungi, this reduces the accuracy of the food choice and fitness assays (Guo et al. 2018).  
 
2.2 Methods and Materials  
 
2.2.1 Bioinformatic analysis of VlNLPs and their genes 
Identification of NLP genes in Verticillium longisporum  
Malte Beinhoff (Beinhoff 2011) in his doctoral dissertation described five NLP genes from V. 
longisporum (VL43) genome, and named them as VlNLP1-5. In addition, three other VlNLPs are 
published in the VertiBase database. A total of eight VlNLPs have been identified. The order of 
the names of VlNLPs in VertiBase is not identical to Malte’s dissertation. To ensure the 
consistency of our VlNLPs project, we continued to use the names given by Malte Beinhoff 
(VlNLP1-5) and named the other three as VlNLP6-8. The amino acid sequences of eight VlNLPs 
were further confirmed by alignment with VdNLPs (Zhou et al. 2012).  
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In addition to the genomic information available on VertiBase, we also generated our own 
VlNLPs sequences for virulent VL43 and avirulent VL32 isolates. The CTAB method developed 
by Brandfass and Karlovsky (2008) was used to extract fungal DNA.The VlNLPs genes were 
amplified using primers NO.3 to NO.15 (in 2.2.9 Primer List) by One Taq® polymerase (New 
England Bioline, London, UK). The PCR program considers an initial denaturation step at 94°C 
for 1 min, followed by 30 cycles with a denaturation step at 94°C for 20 s, an annealing step at 
58-64°C for 1min, and an elongation step at 72°C for 45s. After isopropanol purification, the 
PCR products were sent for sequencing following the company’s instruction (Macrogen Europe, 
Amsterdam, the Niederland). Afterwards our VlNLPs sequences were aligned with the sequences 
from VertiBase, VlNLPs sequences and VaNLPs sequences (V. alfalfae VaMs.102) from 
EnsemblFungi database, and VdNLPs sequences (V. dahliae VdLs.17) from NCBI using Clustal 
Omega (Sievers et al. 2011) with the default setting.   
Phylogenetic relationships between VlNLPs and NLPs of other organisms 
The amino acid sequences were predicted based on our VlNLPs sequences. Collect proteins from 
GenBank with amino acid sequences similar to our eight VlNLPs. After removing redundant 
results, they were aligned using Clustal Omega and analyzed by MEGA X V.10.0.4 using the 
neighbor-joining method (Kumar et al. 2018). A phylogenetic relationship tree was drawn with 
1,000 bootstrap replications. 
 
2.2.2 Cytotoxicity test of VlNLP1  
VlNLP1 Expression in Escherichia coli 
To improve the expression of VlNLP1 protein in E. coli, the signal peptide predicted by SignalP 
3.0 (Bendtsen et al. 2004) was removed. The coding sequence was ligated into the pET21a vector 
(Novagen) utilizing NdeI/BamHI via T4 ligase. The constructed pET21a_VlNLP1 with a his-tag 
at C-terminus. 
The constructs were transferred by means of heat shock and amplified in E. coli DH5α cells. 
VLNLP1 protein production was performed in E.coli BL21 (DE3) cells, which was induced by 
0.1mM IPTG (Isopropyl β–D–1–thiogalactopyranoside). The protein induction was confirmed 
using SDS-PAGE. Ten microliters of the sample were loaded on the SDS-PAGE gel. The 
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proteins were visualized by staining the gel with Coomassie Blue solution (0.2% Coomassie 
Brilliant Blue R250, 48% MeOH, 10% acetic acid) for one hour and distaining the gel with 10% 
MeOH/acetic acid (x/x) for overnight. BL21 (DE3) cells carrying the pET21 vector backbone 
were used as control.  
Purification of VlNLP1 protein  
The crude VlNLP1 protein was purified using a cobalt ions column with Talon® Metal affinity 
resin (Takara Bio, Japan) following the company manual. To elute the target protein, a 50 mM of 
sodium phosphate elution buffer with a gradient of imidazole (5-50 mM) consisting of 150 mM 
of NaCl (pH=7.0) was used. Purified proteins were demonstrated by SDS-PAGE.  
Leaf infiltration assay  
In order to test the toxicity of VlNLP1 protein, 4th leaves of 4-week-old N. tabacum and 4th leaves 
of 4-week-old B. napus plants were infiltrated by 100 µl purified VlNLP1 solution at the 
concentration of 0.025µg/µl respectively. Additionally, fully extended leaves of 4-week-old 
Arabidopsis thaliana (Columbia-0 ecotype, Col-0) grown under short-day conditions were 
infiltrated as well.  Necrosis caused by VlNLP1 was observed after 4 days. 
 
2.2.3 Activation of Mitogen-activated protein kinases (MAPK)  
For transportation to Canada, the VlNLP1 protein was lyophilized. 160 µl of 2 mM Hepes buffer 
containing 180 mM trehalose was added into 40 µl of purified VlNLP1 protein. Subsequently, the 
mixture was immersed in liquid nitrogen and lyophilized. To assess the effect of lyophilization on 
the phytotoxicity activity of VlNLP1, a leaf infiltration assay was performed. The lyophilized 
VlNLP1 protein powder was dissolved in 40 µl of double distilled water as stock solution. A 
dilution series of 0.003 µg/µl, 0.005 µg/µl, 0.0069 µg/µl, 0.025 µg/µl, 0.03µg/µl, 0.05µg/µl, and 
0.069µg/µl was prepared using 2 mM of Hepes buffer. The same dilution series of VlNLP1 
protein without lyophilization was used as a positive control. 2 mM Hepes buffer was used as a 
negative control. One hundred microliter solution were infiltrated into N. tabacum leaf. Necrosis 
on leaves was observed after 4 days.  
The bak1-4 and sobir1-1 A. thaliana mutants obtained from Prof. Zhang lab at the University of 
British Columbia and wild type A. thaliana Col-0 seedlings were grown on half strength 
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Murashige and Skoog medium plates for twelve days. VlNLP1 protein powder was dissolved in 
bidest water at a concentration of 0.5 µM (around 13.34ng/µl with the size of 26.68kDa). 
Seedlings were collected 10 min after spraying plants with a 0.5 µM of VlNLP1 protein solution 
containing 0.01% silwet L-77. Collect untreated plants as a control. The proteins were extracted 
by grinding plant tissues in liquid nitrogen with protein extraction buffer (5 mM of egtazic acid, 5 
mM of EDTA, 10 mM of dithiothreitol,  50 mM of Tris, pH 7.5, 10 mM of NaF, 150 mM of 
NaCl, 1× phenylmethylsulfonyl fluoride,  5% of glycerol, 1% of Triton X-100, 10 mM of 
Na3VO4, and 1× protease inhibitor). After centrifugation at full speed for 15 min, the supernatant 
of protein samples was denatured together with the same volume of 2x SDS loading buffer at 
99°C for 5 min and then centrifuged again at full speed for 90 s. The protein samples were 
separated by SDS-PAGE after three hours of operation at 80 V. Plant immune response was 
identified by western blot using antip44/42-ERK antibody (Cell Signaling, #4370S) that 
recognizes the MAPK phosphorylation motif (Nitta et al. 2014).  
 
2.2.4 V. longisporum strains, culture conditions and RNA extraction 
Table 1 Fungal strains used in this study 
Name used 
in this study 
Name Gö 
Name 






VL43 VL43 IPP121 V. longisporum A1xD1 + Brassica napus Mecklenburg/Germany 
VL787 PD644 IPP787 V. longisporum A1xD1 -  Sweden 
VL1198 PD730 IPP1198 V. longisporum A1xD2 - Armoracia 
rusticana 
Illinois/USA 
VL1199 PD356 IPP1199 V. longisporum A1xD2 - Armoracia 
rusticana 
Illinois/USA 
VL1194 PD589 IPP1194 V. longisporum A1xD3 + Brassica 
oleracea 
Gunma/ Japan 
VL32 VL32 IPP0119 V. longisporum A1xD3 - Brassica napus Mecklenburg/Germany 
Gö Name represents the names used for fungal strains collections in Prof. A. von Tiedemann group.  
+ represents virulent, - represents avirulent 
Data source: Novakazi et al. (2015) 
 
The isolates of V. longisporum used in this study are listed in Table 1. Six V. longisporum strains 
were grown in Simulated xylem fluid media (SXM) (DIXON and PEGG 1972). RNA was 
extracted from 14 days fungal mycelia by Trizol reagent (ambion®, Thermo Fisher Scientific) 
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following the company instruction. DNA was subsequently removed from RNA samples by 
DNase I. cDNA was then synthesized according to the manual of cDNA Synthesis Kit (New 
England Biolabs, Frankfurt, Germany). RT-qPCR was performed to detect the transcript levels of 
VlNLPs with calibration by tubulin and Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
gene as references. The primers involved in RT-qPCR were Primer NO.16 to NO. 24 (in 2.2.9 
Primer List). CFX Manager Software (Bio–Rad) and REST 2009 software were implemented for 
data analysis.  
 
2.2.5 Vector construction and Agrobacterium-mediated transformation  
Binary vector pPK2 construction for VlNLP3 and VlNLP2 overexpression was performed using a 
Gibson assembly Master Mix from New England Biolabs (Frankfurt, Germany) according to 
instructions of the manufacturer. Vector pPK2 was digested at the restriction site of EcoRV. The 
plasmid backbone was re-assembled with the A. nidulans glyceraldehyde-3-phosphate 
dehydrogenase gpdA promoter (AN8041, A. nidulans FGSC A4), the tryptophan biosynthesis 
gene trpC (AN0648; A. nidulans FGSC A4) terminator and targeted VlNLP3 or VlNLP2 genes 
(Lima et al. 2009; David et al. 2008). The overlapped fragments shown on Fig. 6 were amplified 
by primers NO.25, NO.26, NO.27 and NO. 28 (in 2.2.9 Primer List).  
                                     
Fig. 6 The schematic figure of the re-assembled VlNLP3 or VlNLP2 overexpression constructs. Each 
pair of parallel lines represents the overlapped fragment used for Gibson assembly. Fragment NO. 1 in 
green is the gpdA promotor, fragment NO.2 in blue represents the target gene, fragment NO.3 in red is 
trpC terminator and the part in yellow is the pPK2 backbone.  
 
Agrobacterium tumefaciens-mediated transformation of V. longisporum VL43 was performed 
based on the method developed by Utermark and Karlovsky (2007). The modified target genes in 
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fungal isolates were further confirmed by means of PCR using primers from NO.29 to NO.32 (in 
2.2.9 Primer List). Mutations were tested by sequencing the VlNLP3 or VlNLP2 genes. Besides, 
RT-qPCR was used for verifying and quantifying the expression of target genes in transformed 
fungi using primers of NO. 17 and NO.18 (in 2.2.9 Primer List).  
 
2.2.6 Testing V. longisporum strains in plants 
Rapid cycling oilseed rape plants were inoculated with three VlNLP3 (VlNLP3_3, VlNLP3_8, 
VlNLP3_9) and three VlNLP2 (VlNLP2_3, VlNLP2_6, VlNLP2_7) overexpression VL43 strains 
using root dipping method described in Article II. Plants inoculated with wild type VL43 and 
mock inoculated with water were performed for comparison. Disease severity based on plant 
symptoms was assessed every 7 days till 28dpi according to the assessment key (as shown below) 
(Eynck et al. 2009).  
Score Symptom development 
1 No symptoms 
2 Weak symptoms on the oldest leaf (yellowing, black veins) 
3 Weak symptoms on the next younger leaves 
4 About 50% of the leaves have symptoms 
5 More than 50% of the leaves have symptoms 
6 Up to 50% of the leaves are dead 
7 More than 50% of the leaves are dead 
8 Only apex is still alive 
9 The plant is dead 
 
Plant heights were measured at 28 dpi, subsequently quantify the fungal DNA in hypocotyl 
tissues by quantitative PCR (qPCR) with the primer NO.33 named as OLG 70 and OLG 71. 
Hypocotyl were collected, and lyophilized and pulverized. DNA was extracted from the fine 
powder utilizing the cetyltrimethylammonium bromide (CTAB) method developed by Brandfass 
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2.2.7 Statistical analysis 
Our data analysis was performed by R (version 3.6.0). Shapiro-Wilk normality test was used for 
testing normal distribution. Afterwards, non-normal distributed data was tested by Kruskal-
Wallis test (p<0.01), whereas normal distributed data was tested by one-way ANOVA followed 
by Tukey’s HSD test (p<0.01).   
 
2.2.8 Effects of NLPs on fungal predation 
Fungal materials and Animals  
The beetle larvae Tenebrio molitor and the isopod Trichorhina tomentosa were purchased from 
Zoo & Co. Zoo-Busch and b.t.b.e. Insektenzucht GmbH (Schnürpflingen, Germany). Folsomia 
candida culture (strain: Berlin) was obtained from the Institute of Zoology (University of 
Goettingen, Germany). Cultures of the nematodes Aphelenchoides saprophilus were obtained 
from Prof. Dr. Liliane Ruess (Humboldt-Universität zu Berlin, Germany). The F. graminearum 
strain IFA6646 (DON chemotype) was obtained from Dr. Marc Lemmens (BOKU, Tull, Austria). 
Wild type and two MgNLP-deficient mutants of Z. tritici were obtained from Prof. Dr. Jason J. 
Rudd (Centre for Sustainable Pest and Disease Management, UK).  
Exposure of fungi to predation 
Falcon tubes containing one rice kernel with 80 µl demineralized water were autoclaved. Five 
microliter of V. longisporum (VL43) spore suspension containing around 35,000 conidia were 
inoculated onto rice kernels and incubated at 15°C in the dark. After 3-4 days, 50 µl of nematode 
predators consist of 2000–3000 individuals of A. saprophilus were added to the fungal cultures. 
Fungal controls were incubated under the same conditions without nematodes.  
The exposure of Fusarium graminearum IFA66 to springtail F. candida followed the method 
described in Article III. Transcriptomes of V. longisporum and F. graminearum were analyzed by 
RT-qPCR and RNAseq with three and four replicates, respectively.   
Food preference assay 
F. candida, T. tomentosa and T. molitor were involved in this assay. Gips media plates were 
moistened by applying 10 ml of tap water. Two rice grains inoculated with wild type or ∆MgNLP 
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mutants of Z. tritici were then positioned under sterile conditions on the media about 6 cm apart. 
Twenty randomly selected 14-day-old F. candida, which had been previously starved for 2 days, 
were released in the center of the media (Fig. 7). Afterwards, the plates were stored in a paper 
box to minimize the exposure to light, which was opened only during the counting process at 0.5, 
1.5, 2.5, 3.5, 5, 7, 22, 27 and 45 h after their release on the plates. Two mutants with the same 
gene knock-out were performed in this study. Five replicates were used in this test.  












Fig. 7 Schematic diagram of food preference assay. Two inoculated rice grains with wild type or 
∆MgNLP mutant of Z. tritici were positioned under sterile conditions on the media about 6 cm apart. 
Twenty randomly selected 14-day-old F. candida were released in the center of the media. W.t., wild type; 
∆NLP, ∆MgNLP mutant. 
 
The food preference experiment of T. tomentosa was almost identical to the F. candida assay. 
Eight arthropods were placed on a plate and the time of counting was 1, 2, 3, 4, 5.5, 7.5, 22.5, 
27.5 and 45 h after releasing. 
As for the food preference test of T. molitor, eight randomly selected worms were positioned on 
the middle of a plate and counted after 10 min, 30 min and 1.5, 2.5, 5.5 and 22 hours.  
Fitness assay 
F. candida, T. tomentosa and T. molitor were involved in this assay. At beginning, pictures were 
taken for measuring animal sizes by a microscopic camera (Zeiss Stemi 305, Basler camera and 
software). Ten to fifteen small, randomly selected F. candida or five T. tomentosa were placed on 
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gips media plates and fed by rice grains inoculated with wild type or MgNLP- disrupted mutants 
of Z. tritici. Subsequently, the plates were sealed with parafilm and stored in a dark room at 18°C. 
After four weeks, F. candida were killed by adding a piece of filter paper drenched in 50 µl of 
ethyl acetate. Filter paper was removed after 30 minutes. The pictures were then analyzed by 
ImageJ (Version 1.51k). The size of the T. tomentosa was recorded every seven days for four 
weeks under sterile conditions. Five replicates were conducted. Five grains inoculated with either 
wild type or MgNLP- disrupted mutants of Z. tritici were placed on petri dishes. One T. molitor 
worm was placed on each plate and fifteen replicates were used in this assay. The initial weight, 
length and width of worm were record. Animals were stored at 25°C. The weight of the fungi and 
worms, as well as the length and width of the worms was determined every seven days for three 
weeks. 
2.2.9 Primer List 
Primer 
NO. Primer name  Primer sequence (5'-3') 
                                                 
Source 
1 Nde1f_2 AGAGACATATGCAGCATCCCCCCAAGGTTA 
This work 
 Bamh1r_2 AGAGAGGATCCAGAAACGCGGCGCGCATGTTC 
   
 
2 T7 Promoter Primer #69348-3 TAATACGACTCACTATAGGG 
Novagen 
 T7 Terminator Primer #69337-3 GCTAGTTATTGCTCAGCGG 
   
 
3 VlNLP1_pGreen2_F AGAGACTCGAGATGCTTCCCTCCACAATCTTCTC 
This work 
 VlNLP1_pGreen2_R AGAGATACGTATCCTCCTGATCCTCCAAACGCGGCGCGCATGTT 
   
 
4 VlNLP2_pGreen2_F AGAGACTCGAGATGCAGCATACTCTCTCTCTCAA 
This work 
 VlNLP2_pGreen2_R AGAGAGGTACCTCCTCCTGATCCTCCCTCGTCAACATTCGGGTCA 
   
 
5 VlNLP3_pGreen2_F AGAGACTCGAGATGCTTTTCAGTGTCGGACTC 
This work 
 VlNLP3_pGreen2_R AGAGAGGTACCTCCTCCTGATCCTCCGATGTTGTGCGTGCCCTC 
   
 
6 VlNLP4_pGreen2_F AGAGATACGTAATGCTTTTCCTGCGAAACATTG 
This work 
 VlNLP4_pGreen2_R AGAGAGGTACCTCCTCCTGATCCTCCGTCCCACTTCTTCCAGTCCA 
   
 
7 Vl-NEP-5-cDNA-F AGAGACATATGAATGACGCGATCCCAGGC 
This work 
 Vl-NEP-5-cDNA-R AGAGAGGATCCAGGCCTCGGTTGCAGATCCA 
   
 
8 VlNLP6-F AGAGACATATGGCGCCGCTGCTCGAGTCGCGCG 
This work 
 VlNLP6-R AGAGAGGATCCAGCAGCGCCGCCTTCTGCAGGTTGC 
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9 VlNLP6_seq_F CTCCTCCTCATCGTCTTCTCAT 
This work 
 VlNLP6_seq_R GATCTCCATCAGGTTCTTCACC 
   
 
10 VlNLP6_seq2_F GACGGGGAAAACCAATAACAT 
This work 
 VlNLP6_seq2_R CCTCTGGTTCCGGTAAGGTAG 
   
 
11 VlNLP6_seq_3_F CCATCTGGTCTGCATCTTGTT 
This work 
 VlNLP6_seq_3_R1 CATTCTTCCTCACAACCCAGA 
   
 
12 VlNLP6_seq_3_F CCATCTGGTCTGCATCTTGTT 
This work 
 VlNLP6_seq_3_R2 GAGATGTCCGTCTTCCATCT 
   
 
13 VlNLP6_all_F ATGTCGCCGTCTCTCATCAG 
This work 
 VlNLP6_all_R CTACAGCGCCGCCTTCTG 
   
 
14 VlNLP7-F AGAGACATATGGGGCCTGTCAGCCTCCGGGCTGT 
This work 
 VlNLP7-R AGAGAGGATCCAGGAGCGCCGCCTTGGCGAGGTT 
   
 
15 VlNLP8-F AGAGACATATGACTCCTCTGCCAGACACGCCT 
This work 
 VlNLP8-R AGAGAGGATCCAGACCCCACGGCTTGAACTCGG 
   
 
16 VlNLP1-qPCR-F CCCACGGTTGCCAGCCTTAC 
This work 
 VlNLP1-qPCR-R CGTTCAGGGTCATGGAGCGGG 
   
 
17 VlNLP2-qPCR-F ACAGCAATGTTTACTCCCGGC 
This work 
 VlNLP2-qPCR-R ACTACGTTTTCCCAGTCGTGAC 
   
 
18 VlNLP3.2_qPCR_F CTGGGGTACTTTGGCTGGGAAA 
This work 
 VlNLP3.2_qPCR_R GCCCTCGTCGTCAATGTTCTCA 
   
 
19 VlNLP4-qPCR-F ATTTGGATTCGTGGAGGTCTCGTCA 
This work 
 VlNLP4-qPCR-R ATGGCCGGTAAAGTCGTCCTCATTA 
   
 
20 VlNLP5-qPCR-F GGCGACATCCAGAACACTGTGAA 
This work 
 VlNLP5-qPCR-R AGTAGAATCCCTGATAAACCTTGGCA 
   
 
21 VlNLP7_qPCR_F GACAGCGTCAAGGTCGAGTA 
This work 
 VlNLP7_qPCR_R CCGAGATGGGGTACGTCTTG  
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 VlNLP8- qPCR-R CGCACGTAAATATTGGTCTGTTGCA 
   
 
23  Vl_β-tubulin-F2 CATGATGGCCGCCTCTGAC 
This work 
 Vl_β-tubulin-R2 CGAAGAGTTCTTGCTCTGGACGT 
   
 
24 Vl_GAPDH-F3  GCTCCCATCAAGGTTGGCAT  
This work 





25 VlNLP3_pPK2_gibson_F1 CATGATTACGAATTCTTAATTAAGATGGTACCCGGGGATCTTTC 
This work 
 VlNLP3_pPK2_gibson_R1 GGTGATGTCTGCTCAAGCG 
   
 
26 VlNLP3_pPK2_gibson_F2 GCTTGAGCAGACATCACCATGCTTTTCAGTGTCGGACTT 
This work 
 VlNLP3_pPK2_gibson_R2 CCGGTCGGCATCTACTTCAGATGTTGTTGGTGCCCT 
   
 
27 VlNLP3_pPK2_gibson_F3 AGTAGATGCCGACCGGGAT 
This work 
 VlNLP3_pPK2_gibson_R3 GGGTACCGAGCTCGATAAAGAAGGATTACCTCTAAACAAGTG 
   
 
28 VlNLP2_pPK2_gibson_F2 GCTTGAGCAGACATCACCATGCAGCACACTCTCCTCTCA 
This work 
 VlNLP2_pPK2_gibson_R2 CCGGTCGGCATCTACT CTACTCGTCGACATTCGGGT 
   
 
29 pPK2-promotor_F CTTACGAACCGAACGAGGCT 
This work 
 pPK2-promotor_R TATCCTCTTGACACCGCTCC  
   
 
30 promotor-VlNLP_F TGCTTTGCCCGGTGTATGAA 
This work 
 promotor-VlNLP2_R CGGCAGGGAACTCATTCGAT  
 promotor-VlNLP3_R CGAACCGGAAGCAATGTGTC  
 
   
 
31 VlNLP2-terminator_F GTACGTGTTGCGCCATCTTG 
This work 
 
 VlNLP3-terminator_F CCACGACTGGGAGCACATT 
 VlNLP-terminator_R GGCGTATTGGGTGTTACGGA  
   
 
32 terminator-pPK2_F CATTGGACCTCGCAACCCTA 
This work 
 terminator-pPK2_R GCCAAAGGACCCTCTATGCT  
   
 
33 OLG-70 CAGCGAAACGCGATATGTAG 
(Eynck et 
al., 2007) 









2.3.1 Bioinformatic analysis of VlNLPs and their genes 
Eight NLP genes (VlNLP1-8) were identified in V. longisporum genome 
Verticillium longisporum contains eight NLP genes (VlNLP1‒8). Five of them (VlNLP1‒5) were 
described in Malte Beinhoff’s thesis (Beinhoff 2011). In addition, VlNLP6‒8 are published in 
Vertibase. The names of VlNLP gene were rearranged in this study (Table 2). 
 
VlNLPs sequences  
VlNLPs sequences were further verified by sequencing as listed in Supplement Figure1. The 
primers used for sequencing were not designed for this purpose, so the amplified products only 
contain the entire VlNLP-sequences without the up- and downstream information. The 
approximately 20 bp at the beginning and the end of the sequence were modified based on the 
database information. In most cases, the same VlNLP from different sources shared the sequences 
with only a slight difference, except the intron sequences in VlNLP5 and VlNLP7 (Suppl. Fig.1).  
Unexpectedly, VlNLP6 failed to be amplified using any of the primers designed based on the 
sequences gained from databases, including four pairs of primers (Primer NO. 9-12) located at 
the up- and downstream end of VlNLP6 and one pair of primer (Primer NO. 13) designed from 
the start codon to stop codon. Therefore, VlNLP6 is not involved in our following study. 
Putative amino acid sequences of VlNLPs 
The alignment analysis based on  the putative amino acid sequences of VlNLPs (Fig. 8) showed 
that VlNLP1, VlNLP6 and VlNLP7 are type 1; VlNLP2, VlNLP3, VlNLP4 and VlNLP8 are type 
2; and VlNLP5 is type 3 (Table 3).   
 
Table 2 Naming system of NLPs from V. longisporum in this study and VertiBase, and  NLPs from V. dahliae  
This study VlNLP1 VlNLP2 VlNLP3 VlNLP4 VlNLP5 VlNLP6 VlNLP7 VlNLP8 
V. dahliae VdNLP1 VdNLP4 VdNLP5 VdNLP9 VdNLP10 VdNLP2 VdNLP3 VdNLP7 
VertiBase NLP1 NLP4 NLP5 NLP9 NLP10 NLP2 NLP3 NLP7 
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Table 3 Subfamilies of NLPs from V. longisporum  
VlNLPs  VlNLP1 VlNLP2 VlNLP3 VlNLP4 VlNLP5 VlNLP6 VlNLP7 VlNLP8 
NLP-Type Type 1 Type 2 Type 2 Type 2 Type 3 Type 1 Type 1 Type 2 
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VL43_2018_VlNLP5_VdNLP10      ---MY-HKILLVGVLAT-LTGLTSAN---DAIPGSAFENSGHEAA-------IAGAPMYH 45 
NPP1domain                    --------MNVLTFLIAAAV---SL----AVVQADVISHDAVVPFAQPTATTTEQKAGVK 45 
VL43_Base_VlNLP6_VdNLP2       --MSP-SLISIVTWLAAASSTLAAP----LLESRAVINHDAVVGFPQTVPSGVSGQLMLK 53 
VL43_2018_VlNLP1_VdNLP1       --MLPSTIFSV----FA---LVGSA----LAQHPPKVNHDSINPVLHP--LGPNGDMIRK 45 
VL43_2018_VlNLP7_VdNLP3       ---MVSKIFST----LASIALVAAG----PVSLRAVVPHDSLNPVKQGVQTGAFGDAIAK 49 
VL43_2018_VlNLP4_VdNLP9       --MLFLRNIAVVTAMVLSVPSTASVMRRQNNSSRILSESPALEPIVNG--HDFAYYFEVK 56 
VL43_2018_VlNLP8_VdNLP7       MTSLRTASFSAVAAL-LLLPAVIATP-LPDTPPTKLIRRDLLQPL-----GGSAWSEQEK 53 
VL43_2018_VlNLP2_VdNLP4       ----MQHTLLSTAALLGALSAVN----A---SPAPILRRDIITAL-----PGSADEIENK 44 
VL43_2018_VlNLP3_VdNLP5       --MLFSVGLLALAALPSSFGAVIQARQDDPENPPRDPQPPPPGPI-----FGRAPDLDKR 53 
                                      :                                                  : 
VL43_2018_VlNLP5_VdNLP10      F--GRSWDRKPCYPEAGQT-DGVKTDGVDSDLCFSSQNGGCADPGPWNGVNSPGNPFPVY 102 
NPP1domain                    FKPQIHI-SNGCHPYPAVDANGNTSGGLKPT---GSSSAGCKGSGY--GS--------QV 91 
VL43_Base_VlNLP6_VdNLP2       FKPYLKV-FNGCVPFPAVNAGGDTGGGLATS---GSSNGGCSS-SA---G--------QV 97 
VL43_2018_VlNLP1_VdNLP1       FQPLLHI-AHGCQPYSAVNTRGEVNAGLQDS---GTTAGGCKETSK---G--------QT 90 
VL43_2018_VlNLP7_VdNLP3       FNPFFHI-ANGCQPYTAVKEAGDTSGGLQDS---GNISAGCRDQSK---G--------QT 94 
VL43_2018_VlNLP4_VdNLP9       FQPLVDFDTDSCYSVPAMTMDGTASEGLSPS----DDVGPCRPRSALDRT--------NV 104 
VL43_2018_VlNLP8_VdNLP7       WCPALDYDTDSCYNTVAISPSGQLNAGQDETKSGGEILGWCRKEVRLQQT--------NI 105 
VL43_2018_VlNLP2_VdNLP4       FQPILDFDTDGCYNTAAIDPDGNINPGKGA---TGTPQGDCRDPPQLENS--------NV 93 
VL43_2018_VlNLP3_VdNLP5       FQPALDFDTDSCYNVPAIGPNGDLAIGMYPF--EWPPQAGCRNEEMLDRG--------NV 103 
                              :        . *    .    *    *           . *                    
VL43_2018_VlNLP5_VdNLP10      YTVRQCNDNEWRVAYSIYYKKD---------SGHKNDWENSIVIWNGDGAGG--WKRSGT 151 
NPP1domain                    YGRVATYNGVYAIMYSWYFPKDSPVTG----LGHRHDWEHVVV-WVDDIKLD-SPSIIAV 145 
VL43_Base_VlNLP6_VdNLP2       YARAGSYNGANAILYAWYMPKDAPSSG----LGHRHDWEGAVV-WLSSAAAD--ATVVGV 150 
VL43_2018_VlNLP1_VdNLP1       YARSMTLNGQFGIMYAWYWPKDQPADGNLA-SGHRHDWENVVI-WFNSNNAN-QAGILRG 147 
VL43_2018_VlNLP7_VdNLP3       YARAKVVNGQLAIMYSFYMPKDQPIAGNVA-GGHRHDWENIVV-FVDDPAANPAPGILGG 152 
VL43_2018_VlNLP4_VdNLP9       YVRGRCNRGWCAFVYAYYFQMDWAWSWPVSGYNHRHDWEHVVV-WAKEGK------VRGV 157 
VL43_2018_VlNLP8_VdNLP7       YVRSRCNNGWCVHMYDYYFEADFG-----W-GAHRHDWEHVAV-WVQHGQ------LKFV 152 
VL43_2018_VlNLP2_VdNLP4       YSGGRCNNGVCAIMYEYYFEKDQSVSGSFA-GGHRHDWENVVV-FARGDT------IVRV 145 
VL43_2018_VlNLP3_VdNLP5       YSRQRCNNGYCVIFYAYYFQKDTAT---PI-DGHRHDWEHIAV-WVRQSD----SFVTHV 154 
                              *       .     *  *   *           *::***   : :                
VL43_2018_VlNLP5_VdNLP10      LLGWHSGWDYIAWGDIQNTVNNDGDLFDQG------AKDRNHAKVYQGFYYHATFSTRKT 205 
NPP1domain                    SPSAHSGYNIYYPPESN-------------------TIDGYSAK----VDYSSSWVVINH 182 
VL43_Base_VlNLP6_VdNLP2       AASAHGDFDVRPA-ADV-------------------SFAGARPK----LGYRSTWP-VNH 185 
VL43_2018_VlNLP1_VdNLP1       AASGHGDYKKVNN---P-------------------QRNNNNLH----VEYFTSLG-KNH 180 
VL43_2018_VlNLP7_VdNLP3       AASGHGEYKKTAT---P-------------------DREGDSVK----VEYFTTFP-TNH 185 
VL43_2018_VlNLP4_VdNLP9       SVSHHGGYKSRVAEDQRLRFDYTPKEFPYPAWDPMPTSVAMHPK----VVFHKDGA-RTH 212 
VL43_2018_VlNLP8_VdNLP7       SISQHGKWDIRILDGRTEA--------------P-RFEHGTHPK----VVYHKDGA-LTH 192 
VL43_2018_VlNLP2_VdNLP4       APSCHGGYGGALN----EF--------------P---VDGTSPQ----MVYHKDSA-GTH 179 
VL43_2018_VlNLP3_VdNLP5       AVSQHKGYDIRENSQITWT--------------A---AENGKPA----IVYHKDSI-LTH 192 
                                . *  :                                        . :       .  
VL43_2018_VlNLP5_VdNLP10      SLNTCANTR-----DEFRSNDWYFLPDGTWLHNGDLIQDGWDY--------------GSA 246 
NPP1domain                    ALDSTTDAG------------------------ETQDLIMWDQLTDAARTALENTDFGDA 218 
VL43_Base_VlNLP6_VdNLP2       QMVFTADQG------------------------GEQPLVAWESLTPAARAALQNTDFGSA 221 
VL43_2018_VlNLP1_VdNLP1       ELQFKTSPG------------------------RTYWIWDWDRMDSTVQGALNRADFGSA 216 
VL43_2018_VlNLP7_VdNLP3       ELQFTATTG------------------------KTYPISDWDAMPQAARDALETTDFGSA 221 
VL43_2018_VlNLP4_VdNLP9       CFRFAKDSDD-YEGQENERGI--------WIRGGLVSML---LMPSDWQDKFRSHDWESA 260 
VL43_2018_VlNLP8_VdNLP7       AFRWANGGD---EPPENHWKS--------WRWGVGAGLIEWERMPDNLRKTLSAKNWGAA 241 
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VL43_2018_VlNLP2_VdNLP4       CFRFANDADIGG--VENFSGS--------FYKSPLVGWLSWPNE--GLRQTMFGA-FSGG 226 
VL43_2018_VlNLP3_VdNLP5       CFRFGSAADAGGPGPENHRNQ--------WITGPLLGYFGWDTV--EQRDRMLTHNWEAG 242 
                               :                                                         . 
VL43_2018_VlNLP5_VdNLP10      DTNPSSLRNEAR-------------------WICNRG----------------------- 264 
NPP1domain                    NVP-MKDGN-----FLTKVGNAYYA----------------------------------- 237 
VL43_Base_VlNLP6_VdNLP2       NVP-LKDGN-----FASNLQKAAL------------------------------------ 239 
VL43_2018_VlNLP1_VdNLP1       NCP-FNNNN-----FERNMRAAF------------------------------------- 233 
VL43_2018_VlNLP7_VdNLP3       NVP-FKDAN-----FDSNLAKAAL------------------------------------ 239 
VL43_2018_VlNLP4_VdNLP9       HMA-WANEDD----FTGHLVKSMPQEARDDGFDCAYDENPALKGFPMDWKKWD------- 308 
VL43_2018_VlNLP8_VdNLP7       EMA-VRDKDGSDWNFAWYINESQ--------YFCWETYCPGF--LAPEFKPWG------- 283 
VL43_2018_VlNLP2_VdNLP4       VGP-KLDDE-----FAGKLGEA-----------------AGD--AVPEFDPNVDE----- 256 
VL43_2018_VlNLP3_VdNLP5       SIA-IKNEN-----FAENIRKA-----------------R-P--AGLVFDENIDDEGTNN 276 
                                      :                                                    
VL43_2018_VlNLP5_VdNLP10      - 264 
NPP1domain                    - 237 
VL43_Base_VlNLP6_VdNLP2       - 239 
VL43_2018_VlNLP1_VdNLP1       - 233 
VL43_2018_VlNLP7_VdNLP3       - 239 
VL43_2018_VlNLP4_VdNLP9       - 308 
VL43_2018_VlNLP8_VdNLP7       - 283 
VL43_2018_VlNLP2_VdNLP4       - 256 
VL43_2018_VlNLP3_VdNLP5       I 277 
                                
Fig. 8: Sequence alignment of putative amino acid sequences of VlNLPs. Conserved features 
GHRHDWE and cysteine residues were mark with yellow background. Residues that are essential to its 
necrosis-inducing activity are in red; reduced cytotoxicity can be caused by replacing the amino acids 
labelled in blue. 
 
Although all of VlNLPs share the same NPP1 domain, the similarity at nucleotide level is rather 
low, even within the same type (Table 4).  
Table 4 Similarity among VlNLP sequences 
                               VlNLP5    NPP1  VlNLP6  VlNLP1  VlNLP7  VlNLP4  VlNLP8  VlNLP2  VlNLP3 
     VL43_2018_VlNLP5_VdNLP10  100.00   20.00   21.72   18.32   21.24   19.30   17.78   20.20   19.44 
     NPP1 domain                20.00  100.00   44.59   34.84   42.73   23.56   24.55   30.95   24.09 
     VL43_Base_VlNLP6_VdNLP2    21.72   44.59  100.00   36.56   45.69   26.64   23.56   27.57   24.89 
     VL43_2018_VlNLP1_VdNLP1    18.32   34.84   36.56  100.00   52.59   22.77   22.37   27.83   25.00 
     VL43_2018_VlNLP7_VdNLP3    21.24   42.73   45.69   52.59  100.00   24.23   23.53   28.37   25.68 
     VL43_2018_VlNLP4_VdNLP9    19.30   23.56   26.64   22.77   24.23  100.00   34.44   32.26   36.02 
     VL43_2018_VlNLP8_VdNLP7    17.78   24.55   23.56   22.37   23.53   34.44  100.00   40.41   36.92 
     VL43_2018_VlNLP2_VdNLP4    20.20   30.95   27.57   27.83   28.37   32.26   40.41  100.00   39.29 
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The alignment analysis of putative amino acid sequences between VlNLPs and VdNLPs showed 
that the similarity of NLPs of V. longisporum and V. dahliae were more than 95%, indicating that 
VlNLPs may possess similar biochemical properties as VdNLPs (Table 5). Moreover, the 
different residues are mostly located out of the core part of NLP-sequence (suppl. Fig. 1). 
 
Blastp analysis showed high identity of amino acid sequences of eight VlNLPs containing 
proteins among various microorganism genome (Fig. 9). Overall, 56 NLPs obtained from NCBI 
database and eight VlNLPs from present study were analyzed and clustered into three distinct 
groups. The classification of tested VlNPs is also identically matched to the NLP-types shown in 
Table 3. Most of the tested NLPs belongs to type 1 and type 2. The phylogenetic results (Fig. 9) 
also confirmed that type 3 NLPs are more distinct than other two types. NLPs from Fusarium 
graminearum FGSG_03394 and FGSG_06017 are similar to VlNLP2 and VlNLP6, respectively, 
which are involved in following test related to predators. 
Table 5 Similarity between NLP genes of V. longisporum and V. dahliae 
% VdNLP1 VdNLP4 VdNLP5 VdNLP9 VdNLP10 VdNLP2 VdNLP3 VdNLP7 
VlNLP1 96.57        
VlNLP2  97.27       
VlNLP3   98.92      
VlNLP4    98.38     
VlNLP5     100.00    
VlNLP6_VertiBase      99.58   
VlNLP7       95.82  
VlNLP8        96.47 
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2.3.2 Necrosis-inducing activity of VlNLP1  
Production and purification of His-tagged VlNLP1  
VlNLP1 gene cloned from V. longisporum (VL43) was successful inserted into pET21a system 
containing His-tag. The insert sequence was verified utilizing sequencing.  
0.1 mM Isopropyl-β-D-thiogalactopyranosid (IPTG) was sufficient to induce VlNLP1 production 
in E. coli BL21(DE3) system. The SDS-PAGE gel (Fig. 10) showed that a thick band only 
appeared in the cells containing pET21a_VlNLP1 construct after IPTG induction. Its size was 
also compliance with VlNLP1 protein with a size of 26.68 kDa. Therefore, the production of 
VlNLP1 protein is successful.  
Fig.10. SDS-PAGE of VlNLP1 produced in E. coli BL21 (DE3). Sample 1 is the control culture 
containing pET21a vector backbone without IPTG (0.1 mM) induction; sample 2 shows lysate of bacteria 
cells containing pET21a_VlNLP1 construct without IPTG (0.1 mM); sample 3 is shows control culture 
containing pET21a vector backbone with IPTG (0.1mM) induction; sample 4 shows lysate of bacterial 
cells containing pET21a_VlNLP1 construct with IPTG (0.1 mM) induction; the red arrow shows the 
expressed VlNLP1 protein of approximately 27 kDa. The marker is Roti–Mark standard (Carl Roth GmbH, 
Karlsruhe, Germany).  
 
As shown in the Fig. 11, produced VlNLP1 protein was separated by its His-tag from all other 
proteins. Among the imidazole series (5-50 mM) buffer. 30 mM was of imidazole the optimum 
concentration for eluting the target VlNLP1 protein from column. 
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Fig.11 SDS-PAGE of His-tag purified VlNLP1 protein. Sample 1 is protein eluted by 5 mM imidazol; 
sample 2 protein eluted by 10 mM imidazol; sample 3 is protein eluted by 20 mM imidazol; sample 4 is 
protein eluted by 30mM imidazol; sample 5 is protein eluted by 40 mM imidazol; sample 6 is protein 
eluted by 50 mM imidazol; sample 7 is the unpurified VlNLP1 protein; Marker is from Roti®–Mark 
standard (Carl Roth GmbH, Karlsruhe, Germany).  
 
The purified protein was lyophilized into dry powder in 2mM of Hepes buffer containing 
trehalose. Both leaves infiltrated by non-lyophilized and lyophilized VlNP1 showed the necrosis 
lesion on the leaf of Nicotiana tabacum (Fig. 12), indicating that the necrosis-inducing activity of 
VlNP1was not affected by lyophilization. Additionally, lyophilized protein samples, which were 
kept at room temperature for one day, remains its high necrosis-inducing activity (data no shown). 
Fig. 12. Necrosis-inducing activity of VlNLP1 after lyophilization. (A). Leaf of N. tabacum infiltrated 
by 100 µl of 2 mM Hepes solution; (B). Leaf of N. tabacum infiltrated by 100 µl of 0.025 µg/µl non-
lyophilized VlNP1 protein solution; (C). Leaf of N. tabacum infiltrated by 100 µl of 0.025 µg/µl 
lyophilized VlNLP1 protein solution. 
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Three different dicotyledons, N. tabacum, B. napus and A. thaliana (Col-0) have showed visible 
lesions on leaves after infiltrated by 0.025 µg/µl of purified protein (Fig. 13). 
Fig. 13 Leaf infiltration assay for necrosis-inducing activity of VlNLP1. (A). Necrosis lesions on leaf 
of N. tabacum infiltrated by 100 µl of 0.025 µg/µl non-lyophilized VlNP1 protein solution after 24h; (B). 
Necrosis lesions on leaf of B. napus infiltrated by 100 µl of 0.025 µg/µl non-lyophilized VlNP1 protein 
solution after 48h; (C). Necrosis lesions on leaf of A. thaliana Col-0 infiltrated by 100 µl of 0.025 µg/µl 
lyophilized VlNLP1 protein solution. 
 
2.3.3 Plant immune responses caused by VlNLP1  
Böhm et al. (2014b) reported a pattern of 20 amino acid residues (nlp20), which is able to trigger 
plant defense and immunity in Arabidopsis. The amino acid sequence of VlNLP1 includes 20 
residues with 70 percent sequence similarity with published nlp20.  
An RLP23-SOBIR1-BAK1 complex was published to confer nlp20 recognition and mediate 
NLP-triggered immunity in Arabidopsis (Albert et al. 2015). In addition to assessing whether 
VlNLP1 is able to trigger plant immune responses, the associated receptor SOBIR1 and BAK1 
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Fig.14 VlNLP1 protein induced MAPK activation in wild type, sobir1-12 and  bak1-4 of A. thaliana 
Col-0. 0.5 µM VlNLP1 solution sprayed on 12-day-old seedlings grown on ½ MS medium for 10 min. 
The control plants had no any treatment before sampling. The a-p44/42-ERK antibody (Cell Signaling 
Technology, Inc., #4370s) was used for recognizing a conserved phosphorylation motif of MAP kinases of 
extracted protein in a western blot.  
 
MAP kinase activation was increased in wild type and sobir1 or bak1 deletion Col-0 plants 
treated with VlNLP1 solution, showing that RLP23-SOBIR1-BAK may not a requirement for 
VlNLP1 protein recognition and plant immune responses induction. However, the complete 
VlNLP1 protein is toxic to plants and able to cause necrosis on plants (Fig. 12). The plant 
immune responses may be caused by damage. So this immunoblot responses cannot indicate 
whether the receptor of VlNLP1 is RLP23-SOBIR1-BAK1 in Arabidopsis. But it can be inferred 
by sequences comparison. The amino acid sequence of nlp20(VlNLP1) with 70 percent sequence 
similarity with published nlp20 (Böhm et al. 2014b). Nlp20 (FoNLP) from F. oxysporum can 
trigger pattern-induced immunity in Arabidopsis. Our nlp20 (VlNLP1) is highly identical to 
nlp20 (FoNLP) as shown in Table 6, except A1G and V19A that are not essential to trigger 
pattern-induced immunity in Arabidopsis. So it is very likely that nlp20(VlNLP1) can also works 
as typical PTI triggering pattern, even can be recognized by RLP23-SOBIR1-BAK1. Although 
nlp20(VlNLP6) has a less similarity with nlp20 (FoNLP) compared to nlp20(VlNLP1) , it 
contains four amino acids (I2, Y4, W6 and Y7 ) that are essential to trigger pattern-induced 
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Table 6. Eight nlp20 orthologous peptides from V. longisporum  
nlp20(ref.) is the reference nlp20 sequence from Phytophthora parasitica (Böhm et al. 2014b); nlp20 (VlNLP1-8) are from Verticillium 
longisporum (this work); nlp20 (FoNLP) is from Fusarium oxysporum. (Böhm et al. 2014b) Red boxes represent four residues essential to trigger 
pattern-induced immunity in Arabidopsis (Böhm et al. 2014b). The residue difference between nlp20(VlNLP1) and nlp20(FoNLP) are labeled 
with yellow background. The ETI capability and protein toxicity of nlp20(VlNLPs) were predicted based on Böhm et al. 2014b and Zhou et al. 
2012, respectively. 
 
Amino acid sequences comparison shows that triggering pattern-induced immunity is 
independent from necrosis-inducing activity (Table 7). HaNLP3 from Hyaloperonospora 
arabidopsidis is not able to induce necrosis on leaves, but its nlp20 triggered plant immunity 
successfully. In contrast, NLPpcc from  Pectobacterium carotovorum pv. Carotovorum has 
necrosis-inducing acitivity, but its nlp20 does not contain four essential amino acids (Böhm et al. 
2014b; Oome et al. 2014; Zhou et al. 2012).  
Table 7 Nlp20 orthologous peptides from cytotoxic and non-cytotoxic NLP proteins 
Nlp20 (ref) is the reference nlp20 sequence from Phytophthora parasitica (Böhm et al. 2014b); nlp20 (HaNLP3) is from Hyaloperonospora 
arabidopsidis (Oome et al. 2014); nlp20 (NLPpcc) is from  Pectobacterium carotovorum pv. carotovorum (Oome et al. 2014, Mattinen et al. 
2004); Red box represents four residues essential to trigger pattern-induced immunity in Arabidopsis.   
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2.3.4 VlNLPs expression in various Verticillium isolates 
Beinhoff (2011) pointed that not all of VlNLPs are expressed in VL43. However, whether this 
VlNLP gene suppression was specific to VL43 was not known. Six V. longisporum strains (Table 
1) belonging to three lineages were selected for the study of the expression of VlNLP genes, 
including strains virulent and avirulent on oilseed rape (Novakazi et al. 2015). Due to conflicts of 
the sequence of VlNLP6 that we generated with the sequence in VertiBase, VlNLP6 was not 
included in this study.  
The analysis of seven VlNLPs transcript levels demonstrated that VlNLP3 was the only gene 
expressed below the detectable level in VL43. Unexpectedly, VlNLP3 was expressed in three out 
of six V. longisporum strains. As summarized in Table 8, lineage A1/D2 was not able to express 
VlNLP3, while the avirulent strain expressed more VlNLP3 than virulent strains in both lineage 
A1/D1 and A1/D3 (Fig. 15). Our preliminary assumption is that expression of VlNLP3 
contributes to avirulence in V. longisporum. In another word, suppression of VlNLP3 is 
prerequisite for the adaptation to pathogens. 
Fig. 15 VlNLP3 expression in V. longisporum strains. RT-qPCR was performed for this VlNLPs 
transcript level analysis. The abbreviation “Vir” in red represents the oilseed rape virulent strain; “Avir” in 
green is the avirulent; A1/D1, A1/D2 and A1/D3 are the three lineages. The relative expression represents 
the transcript level with modification using reference gene GAPDH (Pfaffl 2001). Bars are the mean of 
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Table 8 Expression of VlNLPs genes in various V. longisporum isolates  
   Gene expression   
  
 









V. longisporum  VL43 VL787 VL1198 VL1199 VL1194 VL32 V. dahliae 
Gene 
expression 
Yes Type1 VlNLP1 + ++ +++++ + + ++ VdNLP1 + 
No Type2 VlNLP2 + + + + + + VdNLP4 + 
No Type2 VlNLP3 x + x x + ++ VdNLP5 x 
No Type2 VlNLP4 + + + + + + VdNLP9 + 
No Type3 VlNLP5 + + + + + + VdNLP10 + 
No Type1 VlNLP7 + + + + + + VdNLP3 + 
No Type2 VlNLP8 + + + + + + VdNLP7 + 
Gene relative expression level: +: 0‒0.06; ++: 0.06‒0.12; +++: 0.12‒0.18; ++++: 0.18‒0.24; +++++: 0.24‒0.31;  
x: not detectable; 
VdNLPs gene expression information is from Zhou et al. 2012. 
 
The comparison of each VlNLP-gene transcript level among six V. longisporum strains is 
summarized in figure 16. Apart from VlNLP3, other six VlNLPs were expressed in all tested 
strains. The highest expression of VlNLP1 was detected in the virulent isolate VL1194, while the 
avirulent isolate VL32 has the highest transcript level of most of non-cytotoxic VlNLPs, 
including VlNLP2, VLNLP3, VlNLP4 and VlNLP7. These results suggest that VlNLPs expression 
level may not correlate with fungal virulence.  
The comparison of seven VlNLPs transcript levels in each V. longisporum strain is concluded in 
Figure 17. VlNLP1 is the highest expressed NLP gene in most strains, except VlNLP2 in VL1198. 
But another avirulent strain VL1199 from the same lineage (A1/D2) as VL1198 expressed more 
VlNLP1. The comparison revealed that VlNLP1 is the most important VlNLP. In addition, 
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Fig. 16 Comparison of transcript level of each VlNLP among various V. longisporum isolates. The 
relative expression represents the transcript level with the modification using reference gene GAPDH. 
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Fig.17 Comparison of transcript levels of seven VlNLPs in each V. longisporum strain. The relative 
expression represents the transcript level with modification using reference gene GAPDH. Bars are the 
mean of tests conducted in triplicate ± standard error.  
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2.3.5 Overexpression of VlNLP3 and VlNLP2 in V. longisporum VL43  
The following experiments were performed to test our assumption that the suppression of 
VlNLP3 was a prerequisite for the adaptation of the pathogen to crucifers. VL43 mutant strain 
overexpressing VlNLP3 was constructed. A root-dipping plant infection experiment was used to 
find out whether VlNLP3 expression reduced the virulence of the pathogen. Because the sequence 
of VlNLP2 gene was very similar to VlNLP3, strains overexpressing VlNLP2 were constructed for 
a comparison.  
The modified VL43 strains showed overexpression of VlNLP3 (VlNLP3_3, VlNLP3_8, 
VlNLP3_9) and VlNLP2 (VlNLP2_3, VlNLP2_6, VlNLP2_7) (Fig. 18 and 20). The strains 
VlNLP3_8 and VlNLP2_3 have the highest expression of corresponding genes. Addition to the 
target genes, VlNLP1 expression was also up-regulated in both overexpression lines (Fig. 19 and 
21). This may indicate an interaction between NLP-members.  
Fig. 18 Expression levels of VlNLP3 in wild type and three VlNLP3 overexpression mutants of V. 
longisporum VL43. The relative expression represents the transcript level with modification using 




            VlNLP3 overexpression in VL43 
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Fig. 19 Effect of the overexpression of VlNLP3_8 on the expression of other VlNLPs in VL43. The 
relative expression ratio figure with the modification using reference gene tubulin was created by software 
REST2009. Boxes are the 75th percentile, median and the 25th percentile. The box range above the orange 
line represents up-regulation, below down-regulation. Tests conducted in triplicate. 
Fig. 20 Expression levels of VlNLP2 in wild type and three VlNLP2 overexpression mutants of V. 
longisporum VL43. The relative expression represents the transcript level with modification using 
reference gene GAPDH. Bars represent the mean of tests conducted in triplicate ± standard error. 
            VlNLP3_8 overexpression mutant / Wt  
            VlNLP2 overexpression in VL43 
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Fig. 21 Effect of the overexpression of VlNLP2 on other VlNLPs in VL43. The relative expression ratio 
figure with the modification using reference gene tubulin was created by software REST2009. Boxes are 
the 75th percentile, median and the 25th percentile. The box range above the orange line represents up-
regulation, below down-regulation. Tests conducted in triplicate. 
 
Plant infection experiments with mutants overexpressing VlNLP2 and VlNLP3 
Both VL43 mutant strains overexpressing VlNLP3 and VlNLP2 caused sever disease symptom 
and strong plant height reduction in oilseed rape, which were the same as wild type VL43 (Fig. 
22 and 23). The fungal level of all tested wild type and mutants in hypocotyls of oilseed rape 
were also similar (Fig. 24). These results were confirmed in second independent experiment with 
identical treatments (Fig. 25, 26 and 27). The obtained results support the notion that expression 
of VlNLP3 and VlNLP2 does not affect pathogenicity. 
  
            VlNLP2_3 overexpression mutant / Wt  
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Fig. 22 Severity of diseases of oilseed rape infected with wild type VL43 and mutants overexpressing VlNLP2 
and VlNLP3 in a climate chamber. Letters represent statistically significant differences (Kruskal-Wallis test, 
p<0.01). Six to seven plants were used infected with each isolate.  
Fig. 23 Effect of the overexpression of VlNLP2 and VlNLP3 on the height of infected B. napus plants in a 
climate chamber. Letters represent statistically significant differences (Kruskal-Wallis test, p<0.01). Six to seven 
plants were used infected with each isolate.  
Fig. 24 Effect of the overexpression of VlNLP2 and VlNLP3 on fungal biomass in hypocotyl of infected B. 
napus plants in a climate chamber. Letters represent statistically significant differences (Kruskal-Wallis test, 
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Fig. 25 Severity of diseases of oilseed rape infected with wild type VL43 and mutants overexpressing VlNLP2 
and VlNLP3 in a green house. Letters represent statistically significant differences (Kruskal-Wallis test, p<0.01). 
Six to seven plants were used infected with each isolate.  
Fig. 26 Effect of the overexpression of VlNLP2 and VlNLP3 on the height of infected B. napus plants in a green 
house. Letters represent statistically significant differences (One-way ANOVA followed by Tukey’s HSD test, 
p<0.01). Six to seven plants were used infected with each isolate.  
Fig. 27 Effect of the overexpression of VlNLP2 and VlNLP3 on fungal biomass in hypocotyl of infected B. 
napus plants in a green house. Letters represent statistically significant differences (Kruskal-Wallis test, p<0.01). 
Six to seven plants were used infected with each isolate. Mock plants were not included in statistic analysis. 
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2.3.6 Do NLPs protect filamentous fungi from predation? 
Predation failed to stimulate the production of NLP-proteins 
NLP-proteins are widely distributed among three kingdoms as described including 
microorganisms that are nonpathogenic to plants. Consequently, NLPs may serve for a more 
general purpose. Therefore, we hypothesized that the original biological role of NLPs is to defend 
soil microbes from predation.  
Often, a specific threat triggers the expression or production of defense compounds . To explore, 
whether NLP-proteins expression can be induced by animal predation, two filamentous fungi, 
Verticillium longisporum and Fusarium graminearum, were subjected to nematode 
(Aphelenchoides saprophilus) or springtail grazing (Folsomia candida) and analyzed by RT-
qPCR for VlNLPs and RNAseq for FgNLPs, respectively.  
Fig. 28 Expression of VlNLPs in V. longisporum exposed to feeding by the nematode Aphelenchoides 
saprophilus (RT-qPCR). RNA was extracted from V. longisporum mycelia exposed to nematodes A. 
saprophilus for 48 hours at 15°C in dark. The control fungi grew under the same condition. The relative 
expression ratio figure with the modification using reference gene tubulin was created by software 
REST2009. Boxes are the 75th percentile, median and the 25th percentile. The box range above the orange 
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All VlNLPs were not upregulated after V. longisporum was predated by nematodes. Four of 
VlNLPs (VlNLP1, VlNLP4, VlNLP7, VlNLP8) were even slightly down-regulated (Fig. 28). 
Similar to V. longisporum, slight down regulation of FgNLPs was found in F. graminearum after 
exposure to grazing by F. candida for 48h (Fig. 29). Expression of the three FgNLPs was 
checked by sequencing (RNAseq). FgNLPs information are listed in Suppl. Fig. 3. and Fig. 4. 
Fig. 29 Expression of FgNLPs in Fusarium graminearum exposed to grazing by the springtails 
Folsomia candida (RNAseq). RNA was extracted from F. graminearum mycelia exposed to F. candida 
for 48 hours at 15°C in dark. The control fungi grew under the same condition. Bars represent the mean of 
tests conducted in quadruplicates ± standard error. 
 
NLP proteins do not affect food choice of predators 
F. candida food choice experiment showed random food preference between wild type and 
MgNLP-disrupted Z. tritici during time course assay.  
Food choice experiments corroborated this conclusion. In the first experiment (Fig. 30), the 
MgNLP-disrupted mutant appeared to be preferred over the wild-type Z. tritici most of the time. 
However, repeated experiments showed different and often completely opposite preference. The 
experiments with the isopod T. tomentosa and the mealworm T. molitor showed similar results 
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Fig. 30 Food preference of the springtail Folsomia candida for wild type and MgNLP-disrupted 
Zymoseptoria tritici. Twenty randomly selected 14-day-old F. candida were released in the center of the 
media. Afterwards, the counting were processed at 0.5, 1.5, 2.5, 3.5, 5, 7, 22, 27 and 45h after their release 
on the plates. Points represent the mean of tests conducted with standard error. 
 
NLP proteins do not affect animal fitness 
F. candida growth were not affect by feeding on Z. tritici fungi with absence of MgNLP. Two 
indexes, animal body length and width, were used to represent fungal fitness in this study. 
Certain amount of animals with similar size were fed by either wild type Z. tritici or ∆MgNLP 
mutant, their body length and width were measured after 4 weeks incubation. As clearly shown in 
Fig. 31, there is no difference of body length and width between the animals which fed on 
MgNLP-containing Z. tritici or the ∆MgNLP mutant. Similar results were obtained with T. 
tomentosa and T. molitor as well (data not shown). The entire experiment was repeated once. The 
replicate gave us an identical result. NLP proteins cannot affect animal fitness.  
 
 
  Z. tritici (wt) Z. tritici (∆MgNLP) 
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Fig. 31 Fitness of Folsomia candida fed on Zymoseptoria tritici and its ∆MgNLP mutant. Fifteen 
F. candida individuals were placed on fungal cultures and incubated in a dark room at 18°C. After four 
weeks, the size of the killed F. candida was measured with a mm scale. Bars represent the mean of tests 
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2.4 Discussion  
2.4.1 Comparison of NLPs from V. dahliae and V. longisporum 
The NLP-protein family is widespread among diverse microorganisms, including fungi, bacteria 
and oomycetes (Pemberton and Salmond 2004; Gijzen and Nürnberger 2006). Only ascomycete 
fungi harbor all three types of NLPs together, which suggests that their evolutionary origin might 
have occurred within them (Oome and van den Ackerveken 2014). In concurrence with a 
research of V. dahliae (Zhou et al. 2012), eight NLPs including all three types (VlNLP1-8) occur 
in the ascomycete Verticillium longisporum . Its pathogen record and extensive NLP equipment 
turned this fungus into a suitable study object to explore the biological role of NLPs.   
The close affinity between V. longisporum and V. dahliae reflects itself in the similarity of their 
NLPs (Zhou et al. 2012). The first VdNLP was identified from a cotton-pathogenic V. dahliae 
isolate VdLs.17 (Wang et al. 2004). Afterwards, ten additional VdNLPs were discovered in 
various V. dahliae isolates. Before the third type of NLPs was defined, nine of them were thought 
to constitute NLPs. However, an alignment showed that VdNLP6 and VdNLP8 were less 
homologous to the others (Zhou et al. 2012). Due to its negative bit score, VdNLP8 is not a NLP 
member. Additionally, further research revealed that VdNLP8 is not part of the NLP family and 
VdNLP6 was absent in most of the investigated V. dahliae and other Verticillium spp., including 
V. albo-atrum and V. tricorpus (Santhanam et al. 2013). As type 3 NLPs was defined (Oome and 
van den Ackerveken 2014), VDAG_079720T0 turned also out to be a NLP family member, 
VdNLP10.  
The genome of both V. longisporum isolates VL43 and VL32 did not contain a gene similar to 
VdNLP6 that could not be found in many V. dahliae isolates as well. Currently, the presence of 
VdNLP6 is only known for the VdLs17 and Vd592 isolates of V. dahliae. This provides evidence 
against the assumption that VdL43 and VdL32 represent hybrids of VdLs17 and Vd592.  
Amino acid sequences of eight VlNLPs show over 95 percent identity to VdNLPs, it indicates 
that the characteristics and function of VdNLPs are also applicable to VlNLPs. Accordingly, 
VdNLPs were used for NLP-proteins comparison between V. dahliae and V. longisporum in this 
study. In order to maintain consistency in the present study, VlNLPs were named based on Malte 
Beinhoff’s thesis (Beinhoff 2011), which differ from VdNLPs name (Table 2).  
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VlNLPs show similarity with NLPs from other Verticillium species (in addition to VdNLPs) or 
even other microorganisms, suggesting strong conservation in the amino acid sequence of 
VlNLPs and those in other microbe species. This might imply the existence of a functional 
constraint among pathogens that infect different plants. Conversely, NLPs are not likely to be 
involved in pathogen host specificity.  
 
2.4.2 Necrosis-inducing activity of NLPs 
Zhou et al. (2012) and Santhanam et al. (2013) studied the cytotoxic effects of VdNLPs and 
obtained concurring results. One study used the cotton-pathogen V. dahliae V592 and the other 
the lettuce-pathogen V. dahliae VdLs.17. Due to the remarkably high amino acid sequence 
similarity of NLPs between V. dahliae and V. longisporum, any potential cytotoxic activity of the 
eight VlNLPs could be deduced by simple comparison. VdNLP1 (homologue to VlNLP1) and 
VdNLP2 (homologue to VlNLP6) were able to induce necrosis by Agrobacterium spp. 
infiltration and His-tagged purified protein infiltration in dicotyledonous plant leaves. 
The necrosis formation requires conserved amino acid sequences. Any exchange of individual 
amino acids can cause activity loss. Figure 8 indicates the position of the conserved amino acid 
regions within VlNLPs. Those that are required for necrosis formation are marked either in red or 
in blue. Therefore, VlNLP1 and VlNLP6 are deduced as cytotoxic NLPs.  
However, VlNLP6 was not identified properly in V. longisporum and attempts to amplify it from 
V. longisporum VL43 isolate failed. Therefore, only VlNLP1 could be tested in this study and 
was found to cause necrotic lesions on plant leaves.  
 
2.4.3 Activation of plant immunity-associated responses by NLPs 
Böhm et al. (2014b) suggested that NLPs trigger immune responses in plants in two ways, plant 
PTI activated by cytotoxic PAMPs (or DAMPs) and ETI triggered by effector proteins from 
microbes. Some members of NLP protein family can cause necrotic effects and are capable of 
destroying the plant cell plasma membrane by causing leakages (Ottmann et al. 2009). The NLP 
phytotoxicity was identified among all three NLP-types .Therefore, plant immune responses 
could be activated by the releasing of immunogenic DAMPs after NLP-mediated plant cell 
damage (Ottmann et al. 2009). 
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However, abolishment of necrosis activities of type 1 and type 2 NLPs showed completely 
opposite effects on triggering of plant immunity. Two necrotic NLPs, Pectobacterium 
carotovorum pv. carotovorum-derived NLPPcc (type 2) and Phytophthora parasitica-derived 
NLPPp (type 1), were involved. Heat denaturation or mutation of essential amino acid residues 
failed to affect the plant defense-eliciting activity of NLPPp but successfully destroyed this ability 
of NLPPcc (Böhm et al. 2014b). This, the defense-stimulating activity of NLPPcc may be only 
based on its necrotoxicity, while NLPPp triggers PTI in two ways by inflicting cell damage and 
another mode that is not linked to its necrosis-inducing activity. The second mode is ETI that is 
activated by a specific pattern of 20 amino acid pattern (nlp20). NLPPcc lacks two of the four 
essential amino acids of the recognition motif and NLPPcc is not type 1 NLP, which indicates that 
the four key amino acids and the number of potential disulfide bonds are two essential factors of 
ETI.  
It is worth mentioning that the necrosis-inducing activities of NLPs can be entirely independent 
of ETI that is triggered by appropriate 20 amino acid motifs. Non-cytotoxic HaNLP proteins from 
H. arabidopsidis that harbor immunogenic motifs are able to activate defense responses without 
causing necrotic damage (Oome et al. 2014). The native HaNLP3 was an even slightly less 
efficient inducer of ethylene production (a fundamental plant immune response) than heat 
denatured HaNLP3, suggesting that the key residues may be located partially inside the NLP 
proteins.  
MAPK activation test illustrated that the PTI in Arabidopsis was successfully triggered by the 
presence of VlNLP1. Genomic analysis revealed that nlp20(VlNLP1) is also able to trigger 
pattern-induced plant immunity.  
 
2.4.4 Primary biological function of NLPs is unlikely related to the virulence of plant 
pathogens 
Bailey (1996) identified the Nep1 protein from the plant-pathogenic fungus Fusarium oxysporum. 
Therefore, the biological role of NLPs-family was originally considered to be related to fungal 
virulence on their host plants. However, their follow-up studies failed to confirm this hypothesis, 
because the disruption of NEP1 protein of F. oxysporum didn’t affect its virulence on cocoa 
(Bailey et al. 2002). Since then, the role of the NLP protein family turned mysterious.  
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In the following two decades, many research groups tried to verify the relationship between NLPs 
and pathogenicity towards their host plants. However, the diverse results of these studies did not 
allow clear conclusions. Table 9 summarizes the most important studies on effects that are caused 
by NLPs gene-disruption on pathogen virulence. It indicates that some members of NLP-family 
contribute to virulence on specific host plants, while some do not.  
Firstly, the deletion of NLPs from some pathogens compromised their virulence, which was 
confirmed for fungi, bacteria and oomycetes. Disruption of the EccNip from the soft-rot bacteria 
Erwinia carotovora subsp. carotovora reduced its virulence on potato tubers, but not on potato 
stem (Mattinen et al. 2004). Three NLP-genes in Phytophthora capsici were shown to be required 
for full virulence of oomycetes (Feng et al. 2014). Reduction of Ssnep2 gene expression from 
Sclerotinia sclerotiorum resulted in decreased virulence on its host plant, Brassica napus (Dallal 
Bashi et al. 2010). Deletion of PeNLP1, but not PeNLP2, affected the virulence of post-harvest 
pathogen Penicillium expansum on apple fruits (Levin et al. 2019). Remarkably, disruption of 
either VdNLP1 (equal to VlNLP1) or VdNLP2 (equal to VlNLP6) genes encoding cytotoxic 
NLPs from Verticillium dahliae compromised its virulence on tomato and Arabidopsis, but only 
deletion of VdNLP1, not VdNLP2, affected its virulence on Nicotiana benthamiana (Santhanam 
et al. 2013). More interestingly, neither VdNLP1 nor VdNLP2 are essential to V. dahliae 
virulence on cotton plants. Even the simultaneous disruption of both genes failed to reduce 
virulence (Zhou et al. 2012). NLPs appear to have host-specific functions. It is noticeable, 
however, the reduced plant symptom representing less virulence may not always have biological 
meaningful in reality, for example, 15% less diameter of the lesion.   
The virulence reduction was also observed in our previous study of VlNLP. Beinhoff (2011) 
showed that disruption of VlNLP1 resulted in a partial loss of virulence of VL43 on its host 
Brassica napus. B. napus plants infected by VlNLP1 knockout V. longisporum isolates were 
obviously higher than the plants infected by wild type fungi.  
However, other studies provided opposite results. The wheat pathogen Mycosphaerella 
graminicola contains only a single NLP, but the NLP-deletion strain was equal to virulent 
(Motteram et al. 2009). Researches on two Botrytis fungi, Botrytis cinerea and Botrytis elliptica, 
showed that the disruption of NLPs genes failed to influence the virulence on their hosts tomato 
and lily (Cuesta Arenas et al. 2010; Staats et al. 2007). Even if the four MoNLPs in Magnaporthe 
oryzae had been disrupted together, virulence remained intact (Fang et al. 2017). 
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Certain conditions are required for NLP genes expression in some microorganisms. For example, 
Nep gene from the bacteria Erwinia carotovora was only expressed after the contact with solid 
medium (Mattinen et al. 2004). In contrast, except VdNLP5, most VdNLPs of the cotton-pathogen 
V. dahliae (V592) were expressed in fungal hyphae or spores without requiring specific 
conditions (Zhou et al. 2012). Our results indicate that VlNLPs have a similar expression pattern 
as VdNLPs, which is that VlNLP3 (equal to VdNLP5) gene is also not expressed in the VL43 
isolate when cultured in SXM.  
Current researches studies mainly focus on the expressed NLPs, but ignore the fact that a variety 
of NLP genes are suppressed. For instance, 13 out of 33 NLP genes are suppressed in P. sojae 
(Dong et al. 2012), whereas 4 of 12 NLPs from H. arabidopsidis are also not expressed during 
infection (Cabral et al. 2012). More interestingly, our study shows that VlNLP3 suppression is 
strain-specific in VL43. Its expression was only detected in the isolates that belong to the A1/D1 
and A1/D3 lineages including VL787, VL1194 and VL32. In addition to lineages difference, 
VlNLP3 expression is possibly related to fungal virulence as well. The preliminary results 
indicated that avirulent isolates may have better capability to express VlNLP3, which matches to 
our assumption that suppression of VlNLP3 expression is a prerequisite for pathogenicity. 
Although VL1194 is an oilseed rape virulent strain, its VlNLP3 transcript level is much lower 
than in the avirulent VL32 isolate from the same A1/D3 lineage as VL1194.  
Unexpectedly, in the root-dipping experiment, the oilseed rape plants inoculated with VlNLP3 
overexpressed VL43 spore suspension failed to show any disease severity reduction compared 
with plants infected by the wild type strain, neither disease symptoms nor fungal DNA amounts 
in plant hypocotyl tissue. According to these results, VlNLP3 is not involved in pathogenicity.  
In conclusion, the current insights of the role of NLP protein family are still controversial. The 
disruption of NLP genes failed to affect fungal virulence in many cases. Conclusively, the 
obtained data suggest that the original biological role of NLPs may not be related to plant 
pathogenicity. Besides, the study of VdNLPs from V. dahliae can also be involved in fungal 
vegetative growth and conidiospore production, but these results are only supported by a single 
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Table 9 Effect of the disruption of NLP genes on virulence of pathogens 
Organisms Disrupted gene Virulence effect 
(Host plant specific) 
  Cotton1 Tomato2 Arabidopsis2 N. benthamiana2 
Verticillium dahliae 
(in total nine VdNLPs) 
∆VdNLP1 No Yes Yes Yes 
∆VdNLP2 No Yes Yes No 
      
  Potato 
tuber3 
Potato stem3   
Erwinia carotovora subsp. 
carotovora 
∆EccNip Yes No   
     
  Tomato4 N. benthamiana4   
Botrytis cinerea ∆Bcnep1 No No   
 ∆Bcnep2 No No   
      
  Coca5    
Fusarium oxysporum f. sp.  ∆Nep1 No    
      
  B. napus6    
Sclerotinia sclerotiorum ∆SsNep1 No    
 ∆SsNep2 Yes    
      
  Wheat7    
Mycosphaerella graminicola ∆MgNLP No    
      
  Apple fruit8    
Penicillium expansum ∆PeNLP1 Yes 
 
   
 ∆PeNLP2 No    
      
  Rice9    
Magnaporthe oryzae quadruple      
∆MoNLP 
No    
      
  Pepper10    




    
 Yes    
     
      
  Lily11    
Botrytis elliptica ∆BeNEP1 No    
 ∆BeNEP2 No    
 
References: 1: Dou and Zhou (2012); 2:Santhanam et al. (2013); 3.Mattinen et al. (2004); 4.Cuesta Arenas et al. (2010); 5.Bailey 
et al. (2002); 6.Dallal Bashi et al. (2010); 7.Motteram et al. (2009); 8.Levin et al. (2019); 9.Fang et al. (2017); 10.Feng et al. 
(2014); 11. Staats et al. (2007) 
 
 
2.4.5 Biological function of NLPs in defense against predation was not supported 
NLPs proteins are widely distributed and identified from the microorganisms, many of which are 
not plant pathogens. Even in plant pathogens, in the last three decades, many studies proved that 
NLPs are not always involved in virulence. For this reason, we assume that the original role of 
NLP-family may be independent of plant pathogenicity, but be more general.  
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Non-toxic compounds can also be involved in protecting fungi against a wide range of predators 
as described in Article III. The role as defense compounds matches our above stated assumption 
of a more general role. Therefore, we hypothesized that NLP-family act as defense compounds 
against fungal predators.  
However, all experiments aimed at exploring this aspect failed to support our hypothesis. 
Normally, gene expression induction experiments indicate a potential function. Animal predation, 
however, failed to stimulate the expression of NLP genes. Two filamentous ascomycetes fungi, V. 
longisporum and F. graminearum, were damaged by two different feeding modes: direct feeding 
by nematodes and grazing by springtails. None of them showed induction of NLPs compared 
with NLPs expression in undamaged fungal mycelia.  
Besides, more direct results from food preference and animal fitness tests revealed that whether 
fungi contain NLPs does not affect fungal food choice and animal growth. Z. tritici possesses a 
single NLP protein. Therefore, its ∆MgNLP mutant is an ideal test organism for this purpose. No 
preference of three animals, F. candida, T. tomentosa and T. molitor, was detected for the mutant 
lacking the MgNLP protein. Also, the growth of tested three animals did not benefit from feeding 
on the ∆MgNLP mutant. In addition, the nematodes, Caenorhabditis elegans, did not show any 
food preference or better growth to transgenic E. coli strain which can produce VlNLP1 protein 
(data not shown).  
In conclusion, the role of NLP-family is still unclear. It is not related to fungal self-protection 
against predators but has nothing effect on plant pathogenicity as well. These results can be 
interpreted as an encouragement that research on NLPs biological role should not be restricted to 
plant disease alone.  
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Supplement 
Table 1 VlNLPs sequences from various sources 

































































































































































































VlNLP6 (equal to VdNLP2)  
>VL43_VlNLP6_2018 
No amplification product 
>VL32_VlNLP6_2018 























































Grey background represents intron 
Data Source:  
VL43_ 2018: Sequencing result in this study (Macrogen Europe) 
VL32_ 2018: Sequencing result in this study (Macrogen Europe) 
VL43_ 2013: Sequencing result from Malte Beinhoff Ph.D thesis 
 
VL32_VlNLP5_2018                 CGGAAAGAGAAATACCTTGAGCATCAAAGACTAACCCTGACTC----CAGATGGCTGGGA 896 
VL43_VlNLP5_2018                 CGGAAAGAGTAATACCTTGAGCATCAAAGACTAACCCTGACTCCATCCAGATGGCTGGGA 900 
VL43_VlNLP5_2013                 CGGAAAGAGTAATACGTTGAGCATCAAACACTAACTCTGACTCCATCCAGATGGCTGGGA 900 
VL43_VlNLP5_VertiBase            CGGAAAGAGTAATACGTTGAGCATCAAAGACTAACCCTGACTCCATCCAGATGGCTGGGA 900 
VL_VlNLP5_EnsemblFungi_8165      CGGAAAGAGTAATACGTTGAGCATCAAAGACTAACCCTGACTCCATCCAGATGGCTGGGA 900 
VA_VlNLP5_EnsemblFungi           CGGAAAGAGTAATACGTTGAGCATCAAAGACTAACCCTGACTCCATCCAGATGGCTGGGA 900 
VL_VlNLP5_EnsemblFungi_8145      CGGAAAGAGTAATACGTTGAGCATCAAAGACTAACCCTGACTCCATCCAGATGGCTGGGA 900 
VL32_VlNLP5_VertiBase            CGGAAAGAGAAATACCTTGAGCATCAAAGACTAACCCTGACT----CCAGATGGCTGGGA 896 
VD_VlNLP5_NCBI                   CGGAAAGAGAAATACCTTGAGCATCAAAGACTAACCCTGACT----CCAGATGGCTGGGA 896 
                                 ********* ***** ************ ****** ******     ************* 
 
VD_VlNLP7_NCBI                   TGACCCGGTGAACCCGGACCGGGTCTTTCTCTGTATCTCACGCCCCTCCCTCCCCCCACG 300 
VL43_VlNLP7_2018                 TGACCCCGGGAACCCGGACCGGGTTTTTATTTTTATTTCGCTCCCCC------------- 287 
VL43_VlNLP7_VertiBase            TGACCCGGTGAACCCGGACCGGGTCTTTCTCTGTATCTCACCGCCCCCCCCCCCCCTCCC 300 
VL32_VlNLP7_2018                 TGACCCGGTGAACCCGGACCGGGTCTTTATCTTTATCTCGCTCCCCCCC----------- 289 
VL32_VlNLP7_VertiBase            TGACCCGGTGAACCCGGACCGGGTCTTTATCTTTATCTCGCTCCCCC------------- 287 
VL_VlNLP7_EnsemblFungi_8145      TGACCCGGTGAACCCGGACCGGGTCTTTATCTTTATCTCGCTCCCCC------------- 287 
VL_VlNLP7_EnsemblFungi_8165      TGACCCGGTGAACCCGGACCGGGTCTTTATCTTTATCTCGCTCCCCC------------- 287 
VA_VlNLP7_EnsemblFungi           TGACCCGGTGAACCCGGACCGGGTCTTTATCTTTATCTCGCTCCCCC------------- 287 
                                 ****** * *************** *** * * *** ** *  ***               
 
VD_VlNLP7_NCBI                   C------AGCCTCGGGCCAACGTAGACTGACTCTGCGGGAACCCAAAACAGCGGCGGTCT 354 
VL43_VlNLP7_2018                 ----CCCCCCCTCGGGCAAAC-GTGACTGA--CTTTGCCGGAACCAAACAGCGGCGGTCT 340 
VL43_VlNLP7_VertiBase            CCCACGCAGCCTCGGGCAAAC-GTGACTGA--CTTTGCCGGAACCAAACAGCGGCGGTCT 357 
VL32_VlNLP7_2018                 -----CCCcccTCGGGCAAAC-GTGACTGA--CTTTGCCGGAACCAAACAGCGGCGGTCT 341 
VL32_VlNLP7_VertiBase            -----CCCCCCTCGGGCAAAC-GTGACTGA--CTTTGCCGGAACCAAACAGCGGCGGTCT 339 
VL_VlNLP7_EnsemblFungi_8145      -----CCCCCCTCGGGCAAAC-GTGACTGA--CTTTGCCGGAACCAAACAGCGGCGGTCT 339 
VL_VlNLP7_EnsemblFungi_8165      -----CCCCCCTCGGGCAAAC-GTGACTGA--CTTTGCCGGAACCAAACAGCGGCGGTCT 339 
VA_VlNLP7_EnsemblFungi           -----CCCCCCTCGGGCAAAC-GTGACTGA--CTTTGCCGGAACCAAACAGCGGCGGTCT 339 
                                          ******** ***   ******  **  *      * *************** 
Fig.1 Sequence differences of VlNLP5 and VlNLP7 among various data sources.VL43_2013 
confirmed the NLPs sequences from Malte Beinhoff’s thesis. VL43_VertiBase and VL32_VertiBase 
represent the NLP sequences of Verticillium longisporum (au16) Strain 43 and Verticillium longisporum 
(au1) Strain 32 from the VertiBase database. VL_EnsemblFungi, VA _EnsemblFungi and VD _NCBI 
represented the NLP sequences of V. longisporum strain VL2, V. alfalfae and V. dahliae from 
fungi.ensembl database and NCBI separately. 
Data Source:  
VL43_ 2018: Sequencing result in this study (Macrogen Europe); VL32_ 2018: Sequencing result in this study (Macrogen 
Europe); VL43_ 2013: Sequencing result from Malte Beinhoff Ph.D thesis; VL43_VertiBase: www.vertibase.org Verticillium 
longisporum (au16), Strain 43, version 1.0; VL32_VertiBase:  www.vertibase.org Verticillium longisporum (au1),   Strain 32, 
version 1.0; VL_EnsemblFungi_8145: https://fungi.ensembl.org  Verticillium longisporum (GCA_001268145) ASM24013v3; 
VL_EnsemblFungi_8165: https://fungi.ensembl.org  Verticillium longisporum (GCA_001268165) ASM24013v3; VD_NCBI: 
https://www.ncbi.nlm.nih.gov Verticillium dahliae VdLs.17 GenBank: CP010982.1;VA_ EnsemblFungi : 
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VL32_2018, VL32_VertiBase and V. dahliae have four nucleotides less in the third intron of 
VlNLP5 compared to others; There are too many successive cytosines in the intron of VlNLP7, so 
certain region contains variable numbers of cytosines between different sources.  
 
VertiBase_NLP1-1_NLP1-2    MLPSTIFSVFALVGSALAQQPPKVNHDSINPIRDTLGPNGNMIRKFQPLLHIAHGCQPYS 60 
Sequencing_result_VlNLP1   -----------------MQHPPKVNHDSINPVRDTLGPNGDMIRKFQPLLHIAHGCQPYS 43 
                                             *:***********:********:******************* 
 
VertiBase_NLP1-1_NLP1-2    AVNTRGEVNAGLQDSGTTADGCKLTDKGQTYARSMTLNGQFGIMYAWYWPKDQPADGNLV 120 
Sequencing_result_VlNLP1   AVNTRGEVNAGLQDSGTTAGGCKETSKGQTYARSMTLNGQFGIMYAWYWPKDQPADGNLA 103 
                           *******************.*** *.*********************************. 
 
VertiBase_NLP1-1_NLP1-2    SGHRHDWENVVIWFNSNNANQAGILRGAASGHGNYKKVNNPQRSGNNLNVEYFTSGGKNH 180 
Sequencing_result_VlNLP1   SGHRHDWENVVIWFNSNNANQAGILRGAASGHGDYKKVNNPQRNNNNLHVEYFTSLGKNH 163 
                           *********************************:*********..***:****** **** 
 
VertiBase_NLP1-1_NLP1-2    ELQFKTSPGRTYWIWDWDRMDTTVQGALNRADFGSANCPFNNNNFERNMRAAF------- 233 
Sequencing_result_VlNLP1   ELQFKTSPGRTYWIWDWDRMDSTVQGALNRADFGSANCPFNNNNFERNMRAAFLDPNSSS 223 
               *********************:*******************************     
 
VertiBase_NLP1-1_NLP1-2    --------------- 233 
Sequencing_result_VlNLP1   VDKLAAALEHHHHHH 238 
 
Fig.2 Alignment of VlNLP1amino acid sequence between reference sequence from VertiBase and 
sequencing result in our study. The upper row represents the sequence combined NLP1-1 and NLP1-2 
from VertiBase database; the lower row presents the sequence obtained in this study. VlNLP1 amino acids 
1 to 18 predicted as signal peptide was removed from pET21a_VlNLP1; in addition, sequencing result 
amino acids 217 to 238 was the additional sequence from pET21a vector containing His-tag at the end.  
 
As shown in Suppl. Fig.2, the comparison between the amino acid sequence from VertiBase.org 
and the sequence translated from the sequencing result demonstrated that they represent one 
protein, although the sequences were not exactly identical.  
 
FgNLP1_FGSG_06017   MVQITQLLSGIAL---ASGVFGSPIERRAVINHDAVVGFPETVPSGTAGSLYLKYKPFVK 57 
FgNLP2_FGSG_03394   --MQNKLFTAAALLGAMASVHASPVTKQG--KRDVL----TALPQ-GADEIELKFQPSLD 51 
FgNLP3_FGSG_07787   --MKTNFL---ALIGLF--------AIPS--SGEIM----DPLPE-AASRKELRFQPYLD 40 
              .:::  **        . . : :   :*. *.  *:::* :. 
 
FgNLP1_FGSG_06017   -TFNGCVSFPAVDAQGNTSGGLATSGSSESGCSKS----TGQVYARGGTYNGRYAIMYSW 112 
FgNLP2_FGSG_03394   FDSDGCYQTAAIDPDGNLNPGHGATGTPQGDCRDPPQLENSNTYSRKRCNNGICAIMYET 111 
FgNLP3_FGSG_07787   YDMDGCYNTAAINEDGRINSGLKKGFSVHEYCRDKQHLLHSNTYSRKRCNHGYCAIMYDY 100 
             :** . *:: :*. . *   : . * .   .:.*:*  :* ****.  
 
FgNLP1_FGSG_06017   YMPKDSPS---PGLGHRHDWENAVIWLSSQSTSASVVGMAVSQHG-GYD--RR------S 160 
FgNLP2_FGSG_03394   YYEKDQSALGTFAGGHRHDWENIVVFAKDDTV----LRVAPSCHG-G-------YGGASN 159 
FgNLP3_FGSG_07787   YFEKDQAA---ALSGHRHDWENIVVFLKGDKV----VRVAATEEHKKYRYSRDCMRDEFC 153 
            * **. :   ******** *:: ..:..  : :* : .         
 
FgNLP1_FGSG_06017   SGTFSGNSPLVGYTAIWPTNHQMTFTDTKGG---------------QQPLIAWESLPAAA 205 
FgNLP2_FGSG_03394   EFPIDGTSPLLVYHKDGAGTHCYRFANDDD----RNNPENPTGSFFKAPLVGWDNWPDVG 215 
FgNLP3_FGSG_07787   DIPSNGRHPKLVYHKVHGDLHSFRFAKIEDGETELEEPENPLGRWFKSPLVGWDYWPSDE 213 
            .  .* * : *    *  *:. ..        : **:.*: *   
 
FgNLP1_FGSG_06017   RTALTNTDFGSAN--VPFKDGAFESNLGKAAI------------------------ 235 
FgNLP2_FGSG_03394   LRDKMLQNWSG-GVGPKL-DDEFGDSLKDAAGD--GVEGFDPYVDE---------- 257 
FgNLP3_FGSG_07787   LRDALV-NWPDTMVKPSIGDKKFGRALEKAAGSGRMVPGFDPYQEKDDEDEDEDED 268 
               :: .   : * *  * .**              
Fig.3 Alignment of three FgNLPs amino acid sequence. Yellow background indicate the conserved 
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As shown in Suppl. Fig.3, F. graminearum contains three FgNLPs based on the genomic analysis. 
FgNLPs contained two NLP types. FgNLP1_FGSG_06017 has one disulfide bridge, whereas 
FgNLP2_FGSG_03394, FgNLP3_FGSG_07787 have two bridges. Therefore, FgNLP1 is type 1; 
FgNLP2 and FgNLP3 are type 2. 
 
Table2. Alignment of amino acid sequences of VlNLPs and FgNLPs 
                          VlNLP5   VlNLP1  VlNLP7   NPP1  FgNLP1  VlNLP6  VlNLP4  VlNLP8  VlNLP3  FgNLP3  FgNLP2  VlNLP2 
VL43_2018_VlNLP5_VdNLP10  100.00   18.27   21.29   17.82   20.00   17.50   18.50   18.34   16.52   24.07   20.66   20.66 
VL43_2018_VlNLP1_VdNLP1    18.27  100.00   52.59   34.65   34.80   35.56   24.20   22.17   24.66   25.00   25.12   24.29 
VL43_2018_VlNLP7_VdNLP3    21.29   52.59  100.00   43.04   44.40   45.22   21.97   21.78   25.00   28.50   28.24   26.51 
NPP1domain                 17.82   34.65   43.04  100.00   47.16   45.85   24.09   24.34   25.33   24.30   25.94   28.44 
FgNLP1_FGSG_06017          20.00   34.80   44.40   47.16  100.00   63.95   23.98   22.67   26.87   26.89   25.82   28.77 
VL43_Verti_VlNLP6_VdNLP2   17.50   35.56   45.22   45.85   63.95  100.00   22.17   22.91   27.56   27.57   24.41   27.83 
VL43_2018_VlNLP4_VdNLP9    18.50   24.20   21.97   24.09   23.98   22.17  100.00   33.73   37.16   31.75   29.67   31.84 
VL43_2018_VlNLP8_VdNLP7    18.34   22.17   21.78   24.34   22.67   22.91   33.73  100.00   37.60   34.15   34.57   39.26 
VL43_2018_VlNLP3_VdNLP5    16.52   24.66   25.00   25.33   26.87   27.56   37.16   37.60  100.00   32.42   33.06   36.84 
FgNLP3_FGSG_07787   .     24.07   25.00   28.50   24.30   26.89   27.57   31.75   34.15   32.42  100.00   47.33   45.45  
FgNLP2_FGSG_03394          20.66   25.12   28.24   25.94   25.82   24.41   29.67   34.57   33.06   47.33  100.00   71.88 
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Abstract 
Verticillium longisporum is a soilborne vascular pathogen infecting oilseed rape and other 
crucifers. Phytoalexins are plant defense metabolites induced by pathogen infection that are toxic 
to microorganisms. This study describes the induction of phytoalexins in oilseed rape plants by 
V. longisporum infection, the toxicity of brassinin, brassilexin and cyclobrassinin to 
V. longisporum, and the ability of Verticillium species to detoxify these phytoalexins.   
We found that infection of B. napus with V. longisporum induced the synthesis of phytoalexins 
brassilexin, spirobrassinin, rutalexin, and cyclobrassinin, which were found in extracts of whole 
shoots as well as in xylem sap. All four phytoalexins also accumulated in plants treated with 
copper sulfate. V. longisporum but also V. dahlie and V. albo-atrum, which do not infect crucifers, 
degraded brassilexin more efficiently than S. sclerotiorum, R. solani and L. maculans, which are 
pathogens of crucifers. Verticillium species pathogenic to crucifers did not possess higher 
degradation activities than species that do not infect crucifers. Brassilexin was degraded by 
Verticillium spp. to 3-(amino)methylenindoline-2-thione, which was further degraded to 
unknown products. Alternaria alternata, Aspergillus nidulans and Fusarium graminearum 
degraded brassilexin to the same product at a lower rate. S. sclerotiorum but no other fungi 
produced a glucose conjugate of brassilexin. Verticillium spp. degraded brassinin at a lower rate 
than other pathogens of crucifers. Brassilexin at a concentration of 20 µg/ml completely inhibited 
the germination of V. longisporum spores; brassinin and cyclobrassinin have not inhibited spore 
germination. None of the three phytoalexins at a concentration of 40 µg/ml inhibited the growth 









3.1.1 Oilseed rape (Brassica napus L.) 
The family Brassicaceae, commonly called crucifers, consists of about 340 genera and 3,709 
species worldwide. This family includes many plants with importance in human nutrient, animal 
feeding and industrial utilities. Among the cash crops belonging to the genus Brassica, Brassica 
napus (oilseed rape) occupies a global important position. Oilseed rape is the second most 
important oilseed plant after soybean (USDA 2019).  
Winter type and spring type of oilseed rape are cultivated in Europe, North America and Asia 
(Janick 2002). Winter type B. napus requires vernalization in order to induce stem elongation and 
flowering, but spring type does not. Brassica napus (AACC genome, 2n=38) is derived from a 
hybridization between Brassica rapa (AA genome, 2n=20) and Brassica oleracea (CC genome, 
2n=18) (Koh et al. 2017).  
Due to a long-term extensive cultivation of oilseed rape on large areas, the crop is threatened by 
various disease, most important among which are caused by fungal infection. The fungal diseases 
with the largest economic impact include Sclerotinia stem rot (Sclerotinia sclerotiorum), blackleg 
(Leptosphaeria maculans and Leptosphaeria biglobosa), clubroot (Plasmodiophora brassicae), 
Alternaria blight (Alternaria brassicae), light leaf spot (Pyrenopeziza brassicae), grey mold 
(Botrytis cinerea) and Verticillium stem striping (Verticillium longisporum) (Dunker et al. 2008; 
Clarkson et al. 2014; Strehlow et al. 2015; Cai et al. 2018).  
 
3.1.2 Phytoalexins of crucifers 
Phytoalexins are plant secondary metabolites that are synthesized de novo by host plants infected 
with a pathogen and display antimicrobial activity (Kuć and Rush 1985). Abiotic stress, such as 
exposure to heavy metal salts or UV radiation, may also elicit phytoalexin synthesis in plants. 
Phytoalexins are usually not produced by healthy plants, which differentiates them from 
phytoanticipins (VanEtten et al. 1994). Because phytoalexins might harm plant cells as well, their 
biosynthesis is limited to the tissues experiencing stress.  
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Over 30 Brassica species are capable of producing cruciferous phytoalexins with indole as a 
common precursor. Takasugi et al. (1986) reported the first three phytoalexins in crucifer plants, 
brassinin, 1-methoxybrassinin and cyclobrassinin. After three decades, fifty-four kinds of 
cruciferous phytoalexins have been characterized as listed in figure 2. The spectrum of 
phytoalexins varies with plant species, and also depends on the type of stress, to which the plant 
is exposed, for example on the pathogen species.  
Brassinin is the first naturally occurring phytoalexin reported to be produced from mainly 
Brassica spp.; a common biosynthetic precursor of several other phytoalexins known to contains 
a dithiocarbamate group attached to a 3-methylindol moiety, which produces an 
insecticide/herbicide effects (Pedras and Abdoli 2017; Pedras et al. 2011b). Brassilexin is among 
the most potent antifungal sulphur-containing phytoalexin from Brassica spp.. Cyclobrassinin has 
been found to accumulate in several Brassica spp. tissue when elicited with Pseudonomas 
cichorri and Alternaria brassicae.  
A review reported five phytoalexins produced by oilseed rape, brassilexin, cyclobrassinin, 
cyclobrassinin sulfoxide, 1-methoxybrassinin and spirobrassinin (Pedras et al. 2011). 
 
3.1.3 Detoxification of phytoalexins by pathogens 
Crucifer plants and their pathogens coexisted over a long period of time. During this coevolution, 
some of the pathogens developed a capability to metabolize cruciferous phytoalexins into non-
toxic compounds. Although the benefit of the pathogens from phytoalexin detoxification has not 
been rigorously proven in most cases (Soledade et al. 1993), it is assumed that detoxifiation 
abilities developed during the adaptation of pathogens to their hosts and that these activities 
improve fitness of the pathogen in host plants. For instance, the best-studied phytoalexin 
brassinin can be metabolized by L. maculans isolates virulent on oilseed rape, L. biglobosa, A. 
brassicicola and S  sclerotiorum.  
Pathogens of crucifers produce a variety of enzymes involved in many types of detoxification, 
such as oxidation, hydrolysis, reduction or even conjugation with glucose (Pedras et al. 2011b). 
They detoxify phytoalexin via enzymatic transformation into non-toxic metabolites to some 
intermediate products which were shown to be very similar to phytoalexins (i.e. indole-3-
carboxaldehyde), then further metabolized to nontoxic products (Pedras and Abdoli 2017; Pedras 
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et al. 2011b; Pedras et al. 2009a; Soledade et al. 1993; Rouxel et al. 1991). Pedras and Abdoli 
reported that Leptosphaeria maculans (oilseed rape virulent isolate) and L. biglobosa isolates 
detoxified brassilexin via 3-aminomethyleneindole-2-thione, to the polar metabolite 3-
formylindolyl-2-sulfonic acid and Sclerotinia sclerotiorum to a glucosyl derivative (Pedras and 
Abdoli 2017; Pedras and Suchy 2005; Rouxel et al. 1991). It was reported also that 
Leptosphaeria maculans, Rhizoctonia solani and both Alternaria brassicola and A. brassicae 
were able to transform and detoxify several cruciferous phytoalexins including cyclobrassinin to 
non-toxic glucosyl and hydroxyl derivatives (Pedras and Abdoli, 2016; Pedras et al., 2004, 2011c, 
1998; Dahiya and Rimmer, 1988). Main detoxification products of brassilexin, brassinin and 
cyclobrassinin were summarized in Figure 12, 15 and 18. 
 
3.1.4 Degradation of phytoalexins and fungal virulence 
Soledade et al. (1993) reported that the virulent and avirulent strains of L. maculans utilize 
different brassinin detoxification reactions that fundamentally affect brassinin degradation 
efficiency. It indicates that fungal capability of degrading phytoalexins is related to virulence. 
The virulent isolates requires only 24 h to degrade brassinin whereas avirulent isolate required 
more than 5 days (Fig. 1). Virulent L. maculans isolates transform brassinin rapidly via 
intermediate (compound 6 in Fig. 1), while avirulent isolates convert brassinin much slower via 
different intermediates (compound 2 and 3 in Fig. 1). However, the finally less toxic degradation 
products are the same in virulent and avirulent isolates, which include an aldehyde (compound 4 
in Fig. 1) and an acid (compound 5 in Fig. 1).  
Fig. 1 Catabolism of brassinin by virulent and avirulent isolate of L. maculans. Virulent L. maculans 
isolates transform brassinin rapidly via intermediate 6, while avirulent isolates convert brassinin much 
slower via different intermediates 2 and 3. But the final less toxic degradation products are identical in 
virulent and avirulent isolates, which include the aldehyde 4 and acid 5. Figure is modified based on 
Soledade et al. (1993). 
Article II 
 






 87  
 
 
Fig. 2 Chemical structures of 54 known cruciferous phytoalexins. Source of chemical structures: 
Pedras and Abdoli (2017). 
 
 
3.1.5 Metabolic profiling of xylem sap from oilseed rape infected by V. longisporum 
Dr. Astrid Ratzinger’s study revealed that Verticillium longisporum infection affects 19 
metabolites in the xylem sap of Brassica napus via nontargeted metabolic profiling. Among them, 
certain metabolites were only detected in rapeseed plants infected with V. longisporum, but not in 
the mock plants. Considering this property, it was suggested that these metabolites might be 
phytoalexins (Ratzinger 2008). Dr. Mareike Possienke’s metabolic fingerprinting research 
indicated that after infection with V. longisporum, some phytoalexins were induced in B. napus, 
such as cyclobrassinin (Possienke 2012). Dr. Husam Ibrahem Aroud further suggested that one of 
the purified compounds from B. napus elicited by V. longisporum can be a phytoalexin 
detoxification product of a cruciferous plant (Aroud 2013).  
However, none of these studies continued to conduct further and more specialized research on 
phytoalexins. In this study, we clarify the phytoalexins produced by B. napus after 
V. longisporum infection and whether the fungal aggressiveness to cruciferous plants affects their 
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3.2 Methods and materials 
 
3.2.1 Chemicals, plant material and fungal strains 
Brassinin standard was purchased from Axon Medchem BV (Hanzeplein, the Netherlands). 
Brassilexin standard was purchased from Toronto Research Chemicals (Toronto, Canada). 
Cyclobrassinin was synthetized according to Csomos et al. (2005) and purified by preparative 
HPLC (purity 98%). Rutalexin standard was synthesized according to Budovska et al. (2015) and 
purified by preparative TLC (purity > 85%). An attempt to synthesize spirobrassinin according to 
Budovska (2014) lead to a mixture of three isomers. Because the amounts of rutalexin and 
spirobrassinin were not sufficient for degradation experiments, the compounds were only used for 
the identification of these metabolites in plant samples by HPLC-MS. Working solutions of 
phytoalexins were prepared in methanol. Acetonitrile, methanol and other solvents were HPLC 
grade.  
Rapid-cycling Brassica napus (oilseed rape or canola) (SKU: 5-001, Wisconsin-fast plants, 
RAPID-CYCLING BRASSICA COLLECTION, University of Wisconsin-Madison, Department 
of Plant Pathology, Wisconsin, USA) and a Verticillium longisporum susceptible cultivar Falcon 
(Norddeutsche Pflanzenzucht, Hans-Georg Lembke KG, Hohenlieth, Germany) were used in this 
study. Seeds were surface sterilized in 70% of ethanol for 5 s and rinsed in sterile tap water for 
30s twice.  
After surface sterilization, seeds were pre-germinated in sterile silica sands, which were kept in 
climate chamber with 16 h  light and 8 h darkness at a temperature of 25°C (day)/22°C (night).  
Nine isolates of Verticillium species and four other cruciferous fungal pathogens were used 
(Table 1), which were kindly provided by Prof. A. von Tiedemann (Plant Pathology and Crop 
Protection, Department of Crop Sciences, Georg-August-University Göttingen).  
For long-term storage of Verticillium species, pure cultures were grown in potato extract glucose 
broth (PDB) medium (Carl Roth GmbH, Karlsruhe, Germany) and incubated at 23°C under 
constant shaking (130 rpm) at 23°C in the dark for 14 days. Conidia suspensions were prepared 
by filtering the fungal culture through double layers of sterile cotton gauze (Verbandmull ZZ, 
Hartmann, Northeim, Germany) and the concentration of spores suspension were determined 
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under a microscope by using a haemocytometer. Medium of suspension was removed after 
centrifugation at 5,000 rpm for 10 min, and conidia stock concentrations were adjusted to 1x107 
conidia/ml by re-suspending the pellet in sterile demineralized water containing 20% of glycerin. 
The aliquots were stored at -80°C. 
Table 1 Fungal strains used in this study 
Name used 
in this study 
Name Gö 
Name 








VL43 VL43 IPP121 V. longisporum A1xD1 + Brassica 
napus 
Mecklenburg/Germany 
VL1191 PD402 IPP1191 V. longisporum A1xD2 - Armoracia 
rusticana 
Illinois/USA 
VL1199 PD356 IPP1199 V. longisporum A1xD2 - Armoracia 
rusticana 
Illinois/USA 
VL1194 PD589 IPP1194 V. longisporum A1xD3 + Brassica 
oleracea 
Gunma/ Japan 
VL1197 PD687 IPP1197 V. longisporum A1xD3 - Armoracia 
rusticana 
Niedersachsen/Germany 










VL1192 PD502 IPP1192 V. dahliae D2 - Acer sp. Greenfield/USA 
Va1584 PD693 IPP1584 V. albo-atrum  - Potato UK 
 
 
Other cruciferous pathogens 
Ss1328 Ss1328 IPP1328 Sclerotinia 
sclerotiorum 
 + Brassica 
napus 
Saskatoon/Canada 
Ss62 Ss62  Sclerotinia 
sclerotiorum 





AG 2-1 / 
IfZ 0235 
r5 





 + Brassica 
napus 
Canada 
Gö Name represents the names used for fungal strains collections in Prof. A. von Tiedemann group.  
+ represents virulent, - represents avirulent 
Data source: Novakazi et al. (2015) 
Fungal strains were provided by Prof. A. von Tiedemann (Plant Pathology and Crop Protection, Department of 
Crop Sciences, Georg-August-University Göttingen). 
 
 
3.2.2 Plants infection assay 
150 µl of conidia stock suspension of V. longisporum (VL43) (105 to 107 conidia/ml) were 
pipetted into 50ml sterile PDB medium and under constant shaking condition at 23°C, 130 rpm in 
the dark for 14 days. Conidia suspension were filtered through sterile cotton gauze and 
concentrated by centrifugation at 4,500 rpm for 3min. The final concentration for inoculation was 
adjusted to 1x107 conidia/ml with sterile tap water.  
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The roots of approximate two-week-old seedlings of oilseed rape were dipped into the conidia 
suspension for 45 min (ZEISE and Tiedemann 2002b, 2002a). Instead of conidia suspension, 
roots of plants used for control were immersed in sterile tap water. Afterwards, the seedlings 
were transplanted into 11x11x12 cm pots containing sterile compost soil: sand : turf mixture 
(2:1:1). Inoculated plants were kept in climate chamber with 16 h  light and 8 h darkness at a 
temperature of 25°C (day)/22°C (night). 
 
3.2.3 Collection of xylem sap from B. napus plants 
Scholander pressure chamber (Scholander et al. 1965) was used for collecting xylem sap from 
rapid cycling oilseed rape plants infected by VL43 at 42 days post inoculation (dpi) (Scholander 
et al. 1965; Ratzinger et al. 2009). Xylem sap of control samples were collected together. Before 
extraction, soil on the roots was washed off under running tap water. Stem of oilseed rape with its 
attached roots was inserted into the Scholander pressure chamber. The xylem sap was taken by 
collecting the gushed out liquid from the top of the stem. The used pressure during the process 
has not exceed 1.5 MPa. Collected xylem sap was stored at -20°C.  
3.2.4 Abiotic and biotic elicitation of phytoalexins in B. napus 
Eighteen 42-day-old seedlings of B. napus cultivar Falcon were sprayed with 10 mM CuSO4 
solution (abiotic elicitor) containing 0.5% TWEEN80 (HARPER and BERKENKAMP 1975). 
After 7 days, the leaves were harvest and rinsed up under running water for removing the rest of 
CuSO4. After lyophilization, the leaves were stored at -20°C.  
Nineteen-day-old oilseed rape seedlings were root-dipping inoculated with V. longisporum 
(VL43) or sterile tap water. The leave samples were collect at 30 dpi, lyophilized and stored at -
20°C.  
 
3.2.5 Extraction of secondary metabolites   
Lyophilized leaf-samples were grinded and homogenized at room temperature. 200 mg of leaf-
powder were suspended in 3 ml acetone/water (9:1 vol/vol) and incubated under shaking 
condition for 45 min. After centrifugation at full speed for 10 min, the supernatant was 
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transferred into a new tube. The solvent was removed using a speed vacuum concentrator (RVC 
2-25 CD plus, Christ, Osterode am Harz, Germany) at 30°C. The samples were stored at -20°C.  
Just prior to chemical analysis by HPLC-MS-QTOF, the samples were dissolved in 
methanol/water (1:1, vol./vol.) and incubated at room temperature for 30 min. Subsequently, the 
samples were centrifuged at 8.000 x g for 10 min to remove granular impurities.  
 
3.2.6 Degradation of phytoalexins by fungi 
For degradation analysis, pure cultures of Verticillium species were grown in 500 µl of minimal 
medium (J.W. Bennett, L.L. Lasure (Eds.) 1991). A final conidia concentration of 2 x 105 
conidia/ml was adjusted using water. An agar plug of Rhizoctonia solani or Leptosphaeria 
maculans containing fungal mycelia was placed into 500 µl minimal media. Sclerotinia 
sclerotiorum was grown on PDA; half of a sclerotium was used for degradation assay. 
To investigate the degradation ability of the tested fungi (Table 1), 5 µl of stock solutions of 
brassinin, brassilexin or cyclobrassinin were added to 500 µl fungal cultures to a final 
concentration of 20 µg/ml. To exclude fungal metabolites, 5 µl of methanol were used as control. 
Five hundred µl of minimum medium without fungi were used to testing spontaneous 
degradation of phytoalexins. Three or six replicates were performed. 
Samples for analysis were taken at 30 min, 6 h, 20 h and 72 h after adding phytoalexin into 
cultures. For brassinin degradation analysis, additional samples were collect at 144 h. Forty-five 
microliter of culture supernatant was transferred into a new 1.5 ml Eppendorf tube containing 
45 µl of acetonitrile. After centrifugation at full 8,000 x g for 10 min, the samples were 
transferred into HPLC glass vials and stored at -20°C until analysis.  
 
3.2.7 Analysis of phytoalexins and their degradation products by HPLC  
Samples were analysed via HPLC-QTOF-MS using models 6545 for QTOF and 1290 Infinity II 
for HPLC from Agilent (Darmstadt, Germany). These instruments were equipped with a 
quaternary pump, an injector, a diode array detector (wave length range 190–400 nm), a 
quadruple time of flight detector (spectra range 100-1700 m/z), and a degasser.  
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HPLC-DAD analysis was carried out on Agilent Zorbax Eclipse Plus C18 column (1.8 µm 
particle size, 2.1 mm diameter and 50mm length), eluted with a gradient of distilled H2O (A) and 
MeOH (B) both acidified with 0.1% LC-MS formic acid: from 95% to 5% A in 4 min, hold for 
0.5 min and then re-equilibrate to 95% A for 3.5 min. The flow rate was 0.4 mL/min. HPLC-
QTOF method: Varian Polaris 3 C18 Ether column (3 µm particle size, 2 mm diameter and 50 
mm length) was eluted with a gradient of distilled H2O (A) and MeOH (B), both acidified with 
0.1% formic acid: From 95% to 5% A in 20min, hold for 2.5 min and then re-equilibrated to 95% 
A for 7.5 min. The flow rate was 0.2 mL/min. Temperature was set to 35°C and sample injection 
contained 10 µL. A solvent blank was measured after every fifth sample to keep the system clean 
and the mixture of the authentic purified phytoalexins was measured after every blank to be use 
as a reference point. Eluted compounds were monitored via the Agilent working station through 
an electrospray ionization source from the same instrument, which operated in positive ionization 
mode. The sheath gas temperature was set to 350 °C and the flow to 11 L/min. Three TOF 
spectra per second were acquired in MS1 mode from 100 to 1,700 m/z. The nitrogen temperature 
was set to 320°C, with a flow of 8 L/min and a nebulizer pressure of 35 psig. The voltages were 
set as follows: Nozzle voltage 1000 V, capillary voltage 3500 V, fragmentor 175 V and skimmer 
65 V. Agilent MassHunter Workstation software was used for data processing. 
3.2.8 Quantification of fungal biomass   
In order to normalize the degradation efficiency by fungal biomass, two quantification methods 
were used in this study. Fungal mycelia after supernatants were lyophilized. Lyophilized mycelia 
were disintegrated by grinding with 500 µl of lysis buffer containing 50 mM Tris buffer, pH 8.0 
and 2 mM dithiothreitol. The grinding was performed in reciprocal mill MM 4000 (Retsch, Haan, 
Germany) in 2 ml Eppendorf tubes with four 2 mm stainless steel beads (Kugel-Winnie, 
Germany) at 30 beads/sec for 1 min .  
Fungal biomass was measured based on its turbidity. After grinding, 200 µl of the blended 
mycelia suspension was immediately placed into the well of a 96-well plate. A series of VL43 
mycelial samples weighing 2 mg, 1.5 mg, 1 mg, 0.5 mg, 0.1 mg and 0.02 mg was used as 
standards. The OD of the samples and standards were measured at 340 nm by Epoch Microplate 
Spectrophotometer (BioTek, Bad Friedrichshall, Germany). The weight of the mycelia sample 
was calculated based on standard curves.  
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We also quantified fungal biomass based on protein content by Bradford method. The 
homogenates of fungal cultures were centrifuged for 10 min at 12,000 rpm. 200 µl of the 
supernatants were added into the well of 96-well microtiter plate containing 50 µl of Bradford 
reagent (Roth, Karlsruhe, Germany). Standards consisted of 100 µg/ml, 80 µg/ml, 60 µg/ml, 
50 µg/ml, 40 µg/ml, 30 µg/ml, 20 µg/ml, 15 µg/ml, 10 µg/ml, 5 µg/ml, 1 µg/ml and 0 µg/ml of 
bovine serum albumin solutions.  
 
3.3 Results 
3.3.1 Phytoalexins in xylem sap of oilseed rape plants infected with V. longisporum 
Twenty to 100 µl of xylem sap were collected from each of 8 infected plants and mock-infected 
control plants with the help of a Scholander pressure chamber. The samples were analyzed by 
HPLC-MS-QTOF in a positive ionization mode (Table 2). Four phytoalexins were identified:  
brassilexin, cyclobrassinin, rutalexin and spirobrassinin (Figs. 3 and 4). None of those 
phytoalexins were detectable in healthy control plants.  
Fig. 3 V. longisporum VL43 infection caused accumulation of phytoalexins in xylem sap of oilseed 
rape. Xylem sap was collected from an individual 42 dpi rapid-cycling oilseed rape plant with a 
Scholander pressure chamber. The four induced phytoalexins were identified by HPLC-MS-QTOF 
(positive mode) based on their mass (m/z) using commercial (brassinin and brassilexin) and synthesized 
(cyclobrassinin, spirobrassinin and rutalexin) standards. All four phytoalexins were undetectable in xylem 
sap of healthy control plants.  
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Table 2. Retention time and m/z of phytoalexins detected by HPLC-MS-QTOF  
Phytoalexin Formula  Retention time (min) m/z 
Brassilexin C9H6N2S 15.7 (M+H)+  175.0324 
Spirobrassinin C11H10N2OS2 16.5 (M+H)+  251.0307 
Rutalexin C11H8N2O2S 17.3 (M+H)+  233.0379 
Cyclobrassinin C11H10N2OS2 19.3 (M+H)+  235.0358 
Brassinin C11H12N2S2 16.9 (M+Na)+  259.0334 
1-methoxybrassinin C12H14N2OS2 - (M+H)+  267.0620 
- No standard available  
 
Brassinin was not induced by the virulent strain V. longisporum VL43 to a detectable level. 
Avirulent strains VL1191 and VL1199 also elicited brassilexin, cyclobrassinin, spirobrassinin 
and rutalexin synthesis while brassinin was also not induced (data not shown). Replicate 
experiments showed essentially the same results.  
In addition to the five phytoalexins mentioned before, HPLC-MS data were searched for further 
phytoalexins known from crucifers according to their high-resolution m/z. The signals were 
undetectable or very low, including 1-methoxybrassinin which was reported from oilseed rape 
before. Only signals corresponding to cyclobrassinin sulfoxide were found but due to the lack of 
a standard, the identity of the analyte could not be verified. Therefore, only the induction of 
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Fig. 4 Accumulation of phytoalexins in xylem sap of oilseed rape plants infected with V. longisporum. 
Boxes represent the 75th percentile median and the 25th percentile. Eight replicates of both infected and 
healthy plants were analyzed. 
 
3.3.2 Elicitation of phytoalexins in B. napus by CuSO4 
All four phytoalexins induced by V. longisporum infection were also elicited by CuSO4. Plants 
infected with V. longisporum were examined in the same experiment for a comparison (Fig. 5).  
Fig. 5 Induction of phytoalexin synthesis in oilseed rape plants by Verticillium longisporum infection 
and CuSO4 treatment. Phytoalexin levels were determined in extracts of entire plants without roots. All 
five tested phytoalexins were non-detectable in control plants mock-inoculated with sterile tap water. Blue 
bars represent phytoalexins produced in plants sprayed with 10 mM CuSO4 solution. Orange bars are the 
samples extracted from plants infected with V. longisporum (VL43). Brassinin was not detected in any 
sample. Eight replicates were used. 
 
The plants accumulated around 700 times and 40 times more brassilexin and spirobrassinin, 
respectively, after CuSO4 treatment as compared with V. longisporum infection. Cyclobrassinin 
was the only phytoalexin that accumulated in higher amounts after V. longisporum infection than 
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3.3.3 Brassilexin degradation in fungal cultures 
Figure 6 illustrates how brassilexin was degraded in cultures of various fungi after 6 hours 
incubation. The cultures included Verticillium species, other cruciferous pathogens and fungi that 
are not able to infect crucifers. The fastest degradation of brassilexin was detected in Verticillium 
cultures; isolates virulent on oilseed rape metabolized phytoalexins slightly more efficiently than 
less virulent isolates. However, although V. dahliae does not infect crucifers in nature, V. dahliae 
showed a degradation efficiency comparable to virulent V. longisporum strains. This indicates 
that brassilexin degradation is not a specific capability related to the adaptation of V. longisporum 
to crucifers. Interestingly, Verticillium species, including V. longisporum, V. dahliae and V. albo-
atrum, degraded brassilexin more efficiently than other crucifer pathogens, such as 
S. sclerotiorum, R. solani, and L. maculans.  
 
Fig. 6 Brassilexin degradation by fungi. 10 µg of brassilexin were incubated in 500 µl culture medium 
with various fungi for 6 h and the supernatants were analyzed by HPLC-DAD. The length of each bar 
represents the remaining amount of brassilexin. Species representing other pathogens of crucifers were 
Sclerotinia sclerotiorum (Ss1328 and Ss62), Rhizoctonia solani (Rs1081), Leptosphaeria maculans 
(Lm0749). Species representing fungi not pathogenic to crucifrs were Fusarium graminearum (FG71), 
Alternaria alternata (AAy), Penicillium expan (PEB) and Aspergillus nidulans (ANA4).  
 
In order to clarify whether brassilexin degradation efficiency was related to the virulence of 
pathogenic species, we further analyzed differences between Verticillium species that are either 
virulent or avirulent to oilseed rape in short-time incubation. We reasoned that slow degradation 
Brassilexin (µg) left after 6h incubation with fungal cultures 
Article II 
 
 97  
 
it would not benefit the pathogen much. Therefore, a short (30 min), rather than long (72 h) 
incubation time was used. Figure 7 shows the degradation abilities of virulent and avirulent 
Verticillium strains after 30 min. In all Verticillium cultures, 10% to 30% of brassilexin were 
degraded after 30 min incubation regardless of whether the strain was virulent on oilseed rape. 
One of V. dahliae strains was the fastest degrader. The difference in degradation ability among 
Verticillium species increased after 6 h incubation (Fig. 8). Two virulent V. longisporum strains 
degraded more brassilexin than the avirulent isolates, but V. dahliae, and even V. albo-atrum, 
showed similar degradation abilities as the virulent strains.. Based on these results, brassilexin 
degradation ability does not seem to affect pathogenicity and virulence of Verticillium spp. on 
oilseed rape. 
Fig. 7 Degradation of brassilexin by Verticillium spp. in 30 min. Fungal biomass was quantified based 
on turbidity. The initial amount of brassilexin was 10 µg. Boxes represent the decreased amount of 
brassilexin in each fungal cultures with 75th percentile median and the 25th percentile. Triplicates were 
performed for each strain. 
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Fig. 8 Degradation of brassilexin by Verticillium spp. in 6 h. Fungal biomass was quantified based on 
turbidity. The initial amount of brassilexin was 10 µg. Boxes show 75th percentile, median, and the 25th 
percentile. The assays were carried out in triplicates. 
 
For the analysis of the degradation products of brassilexin by HPLC-MS, the incubation time was 
further extended. Twenty µg brassilexin per ml were completely degraded in less than 20 h by 
most of Verticillium strains (Fig. 9). The known fungal metabolites of brassilexin are shown in 
Figure 12 are 3-(amino)methylenindoline-2-thione produced by L. maculans  and S. sclerotiorum; 
3-formylindolyl-2-sulfonic acid produced by L. maculans; brassicanal A produced by 
S. sclerotiorum; and 1-ß-D-glucopyranosylbrassilexin produced by S. sclerotiorum (Pedras and 
Suchy 2005; Fradin and Thomma 2006; Pedras and Hossain 2006).  
In products of the incubation of brassilexin with V. longisporum, a new HPLC-DAD peak at a 
retention time of 3.8 min was found. The area of the peak grew parallel to the decrease of the 
peak of brassilexin in time (data not shown). Based on HPLC-MS-QTOF data, the compound 
was predicted to be 3-(amino)methylenindoline-2-thione. It was detectable already 5 min after 
incubation of brassilexin with fungal cultures. The peak area decreased after 48 h incubation, 
indicating that 3-(amino)methylenindoline-2-thione was an intermediate rather than the final 
degradation product (Fig. 11). 3-(amino)methylenindoline-2-thione was described as an 
intermediate of brassilexin transformation by well-studied pathogens, such as L. maculans and S. 
sclerotiorum. Interestingly, our experiments has shown that 3-(amino)methylenindoline-2-thione 
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Aspergillus nidulans, and Fusarium graminearum. Moreover, the amount produced by non-
pathogens of oilseed rape was comparable to the amounts produced by pathogens. The metabolite 
was not found in media without any fungus, showing that it was not generate by spontaneous 
degradation. 
Fig. 9 Degradation progress curves of brassilexin by Verticillium spp. Samples were analyzed by 
HPLC-DAD. Points are the averages of tests conducted in triplicate ± standard error. Each line color 








Fig. 10 A HPLC peak (RT=3.8 min) corresponding to a new metabolite was detected after 30 min 
incubation of 20 µg/ml brassilexin with V. longisporum VL43. The detection was by HPLC-DAD. The 
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Fig. 11. Production of 3-(amino)methylenindoline-2-thione in cultures of various Verticillium strains 
incubated with brassilexin. Samples were analyzed by HPLC-DAD. Averages of triplicate tests ± 
standard error are shown. Each line color represents a different Verticillium strain (Table 1). 
 
In addition to 3-(amino)methylenindoline-2-thione, brassicanal A was also detected in 
Verticillium cultures incubated with brassilexin, but the same metabolite was found in all other 
fungal cultures, too, and even in minimum media without fungi. Brassicanal A was described as 
the product in a minor pathway of brassilexin transformation by S. sclerotiorum. After 72 hours 
incubation, brassicanal A amounts in Verticllium spp. cultures were 10 times lower than in 
S. sclerotiorum, but more than 1,000 times higher than in controls without fungi (Fig. 12). 
Therefore, Verticillium species may also produce brassicanal A as a degradation product, but 
most likely in a minor pathway.  
Glycosylation is not a common reaction in fungal biotransformations. We found 1-ß-D-
glucopyranosylbrassilexin only after incubation of brassilexins with S. sclerotiorum. Both S. 
sclerotiorum strains but none of the other fungal species tested produced 1-ß-D- 
glucopyranosylbrassilexin in a detectable level (Fig. 12).  
However, not all known brassilexin degradation product could be detected in the investigated 
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L. maculans. We have not found this metabolite in any fungal culture incubated with brasilexin, 
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3.3.4 Brassinin degradation by fungal cultures  
No apparent degradation of brassinin was detected in cultures of Verticillium species after 20 h 
incubation (Fig. 13). Although some brassinin was degraded in Verticillium cultures after 72h, 
the degraded amount was similar as in cultures of fungi that are not able to infect crucifers, and 
much lower than in cultures of other cruciferous pathogens, such as S. sclerotiorum, R. solani and 
L. maculans (Fig. 14). 
Fig. 13 Degradation progress curves of brassinin in various Verticillium cultures. Samples were 
analyzed by HPLC-DAD. Mean of tests conducted in triplicate ± standard errors are shown. The 
Verticillium strains used are listed in Table 1. 
 
It seems that brassinin cannot be degraded by Verticillium species. Figure 15 shows two 
degradation products detected in Verticillium cultures. However, indole-3-carboxaldehyde was 
also found in control medium that was free of fungal mycelium. It may therefore be a product of 
spontaneous breakdown of brassinin.  
Indole-3-carboxylic acid was described as degradation product of brassinin by a variety of fungi, 
including L. maculans (canola virulent), L. maculans (brown mustard virulent), A. brassicicola 
and B. cinerea (Pedras et al. 2009a; Soledade et al. 1993; Pedras et al. 2011a). All these fungal 
species except S. sclerotiorum were included in this study. The amounts of indole-3-carboxylic 
acid detected in Verticillium cultures were similar to those of cultures of fungi which cannot 
infect crucifers, but almost 100 times lower than in cultures L. maculans, which is known to 
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Fig. 14 Brassinin degradation after 72h incubation with various fungi. Samples were analyzed by 
HPLC-DAD. The length of each bar represents the detectable amount of brassinin (RT=4.8 min) in fungal 
culture. Fungal strains are listed in Table 1. The initial amount of brassinin was 10 µg. Species 
representing other pathogens of crucifers were Sclerotinia sclerotiorum (Ss1328 and Ss62), Rhizoctonia 
solani (Rs1081), Leptosphaeria maculans (Lm0749). Species representing fungi not pathogenic to crucifrs 
were Fusarium graminearum (FG71), Alternaria alternata (AAy), Penicillium expan (PEB) and 
Aspergillus nidulans (ANA4). 
  
Detectable amount (µg) of brassinin in fungal culture after 72h incubation 
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3.3.5 Cyclobrassinin degradation in fungal cultures 
Unexpectedly, cyclobrassinin (RT= 5.3 min) was degraded in pure minimum media without fungi 
faster than in Verticillium cultures, but slower than in S. sclerotiorum cultures (Fig. 16). 
Fig. 16 Cyclobrassinin degradation after 20h incubation with various fungi. Samples were analyzed 
by HPLC-DAD. The length of each bar represents the detectable amount of cyclobrassinin (RT=5.3 min) 
in fungal culture. Fungal strains are listed in Table 1. The initial amount of cyclobrassinin was 10 µg. 
Species representing other pathogens of crucifers were Sclerotinia sclerotiorum (Ss1328 and Ss62), 
Rhizoctonia solani (Rs1081), Leptosphaeria maculans (Lm0749). Species representing fungi not 
pathogenic to crucifrs were Fusarium graminearum (FG71), Alternaria alternata (AAy), Penicillium 
expan (PEB) and Aspergillus nidulans (ANA4). 
 
A new peak (HPLC-TOF-MS RT=16.8 min) appeared in the medium control after 7 days 
incubation with cyclobrassinin, while the peak (HPLC-TOF-MS RT=19.3 min) representing 
cyclobrassinin disappeared (Fig. 17). In addition, the new peak was also detected in pure 
simulated xylem media (SXM) and natural xylem sap extracted from B. napus incubated with 
cyclobrassinin for 7 days. Therefore, cyclobrassinin is not stable, and can brake down 
spontaneously into another compound. 
Fig. 17 Cyclobrassinin (A) was completely degraded into another compound (B) without fungi in 7 
days (A). Peak (HPLC-TOF-MS RT=19.3 min) extracted from media incubated with 20 µg/ml 
Detectable amount of cyclobrassinin in fungal culture after 20h incubation (µg) 
Cyclobrassinin  
m/z: 235.0358 
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cyclobrassinin for 1 day. (B). Peak (HPLC-TOF-MS RT= 16.8) extracted from media incubated with 20 
µg/ml cyclobrassinin inoculated for 7 days . 
 
Figure 18 shows that known degradation products of cyclobrassinin were either non-detectable in 
cultures of Verticillium species or were also found in media control. This indicates that none of 
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Table 3 summarizes the results of degradation studies on the three phytoalexins. Most of the 
fungal pathogens used in the published studies were able to detoxify brassinin. However, the 
V. longisporum strain used in this study failed to degrade brassinin. These strains, though, was 
able to efficiently degrade brassilexin, which is is a capability that many other fungi lack.  
 
3.3.6 Brassilexin inhibit germination of V. longisporum spores 
Figure 19 shows that brassilexin was active against V. longisporum (VL43) germination at a 
concentration of 20 µg/ml. Brassilexin was however not toxic to the fungus when it was added to 
growing mycelia (Fig. 20). 
Fig. 19 Toxicity of brassinin, brassilexin and cyclobrassinin tested on spores of VL43. 5µl of 
compounds solution was added together with VL43 fungal spore suspension in 500 µl minimum media. 
Final concentration of compounds were 20 µg/ml. 5µl of methanol and fungal cultures without any 
additive were used as two controls, respectively. 5µl of methanol was used for avoiding the fungal growth 
Table 3 Brassinin, brassilexin and cyclobrassinin degradation in pathogens of crucifers 
 Brassinin Brassilexin Cyclobrassinin 
Alternaria brassicicola Yes1  - Yes7  
Botrytis cinerea Yes2  - - 
Leptosphaeria biglobosa Yes3  - Yes8,9  
Leptosphaeria maculans (canola virulent isolate) Yes3 Yes5  Yes8,9 
Rhizoctonia solani - - Yes8 
Verticillium longisporum No* Yes* No* 
Sclerotinia sclerotiorum Yes4 Yes6 Yes4 
-: no information available  
*: this work 
References: 1: Pedras et al. (2009);2: Pedras et al. (2011): 3: Soledade et al. (1993); 4:Pedras et al. (2004); 5: Pedras and Suchy 
(2005); 6: Pedras and Hossain (2006); 7: Pedras et al. (2013); 8: Pedras and Okanga (1999); 9: Pedras (1998);  
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caused by organic solvents. After 22 days incubation at 22°C in dark. The fungal mycelia biomass was 
measured based on turbidity. Boxes represent mycelia biomass with the 75th percentile median and the 25th 
percentile. Five replicates were performed for each phytoalexin. One-way ANOVA followed by Tukey’s 
HSD test (p<0.01) is performed for this study.  
 
                                       
Fig. 20 Toxicity of brassinin, brassilexin and cyclobrassinin to VL43. 10 µl of compounds solution 
was added into 500 µl of five days old fungal culture in minimum media. Final concentration of 
compounds are 40 µg/ml. 10µl of methanol was used for avoiding the fungal growth caused by organic 
solvents. After 22 days incubation at 22°C in dark. The fungal mycelia biomass was measured based on 
turbidity. Boxes represent mycelia biomass with the 75th percentile median and the 25th percentile. Five 
replicates were performed for each phytoalexin. One-way ANOVA followed by Tukey’s HSD test 
(p<0.01) was used to test the significance of differences. 
 
As shown before, Verticillium has no capability to degrade brassinin (Fig. 13). Brassinin 
inhibited fungal growth (Fig. 20) has not affected spore germination (Fig. 19). Cyclobrassinin 
was has not affected fungal germination or growth (Fig. 19 and Fig. 20), probably because it was 




This study describes the induction of phytoalexins in oilseed rape plants by V. longisporum 
infection, the toxicity of brassinin, brassilexin and cyclobrassinin to V. longisporum, and the 
ability of Verticillium species to detoxify these phytoalexins.   
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3.4.1 Elicitation of phytoalexins in B. napus by V. longisporum infection 
So far, fifty-four specialized metabolites (secondary metabolites) have been reported as 
phytoalexins from numerous species of Brassicaceae after different types of induction (Pedras 
and Abdoli 2017). B. napus alone produces a variety of phytoalexins when exposed to either 
abiotic (e.g. heavy metals) or biotic stress (e.g. fungal infection) (Pedras et al. 2011b). The 
function of phytoalexins is supposed to be the enhancement of plant resistance against pathogens 
(Kuć and Rush 1985). Therefore, it was of interest to determine whether V. longisporum infection 
induces phytoalexins in oilseed rape plants and if yes, which phytoalexins are induced. 
V. longisporum is a vascular pathogen that remains in xylem tissue until the host plant becomes 
senescent (Eynck et al. 2007), therefore detection of phytoalexins was attempted in whole plants 
and in xylem sap. 
Table 4 summarizes elicitation information about phytoalexins that have been detected in oilseed 
rape plants according to literature and our study (Rouxel et al. 1991; Storck and Sacristán 1995; 
Dahiya and Rimmer 1988). The elicitation of brassinin and rutalexin in oilseed rape was not 
reported before. Our study shows that oilseed rape does not accumulate brassinin after 
V. longisporum infection, but is capable of synthesizing rutalexin. Rutalexin had been 
misassigned as cyclobrassinone in older publications, which was corrected by Pedras et al. (1999). 
1-methoxybrassinin was under detectable level in this study. Other four previously reported 
phytoalexins of oilseed rape are brassilexin, cyclobrassinin, spirobrassinin and cyclobrassinin 
sulfoxide (Table 4). All of them, except cyclobrassinin sulfoxide, which we could not be 
monitored because of the lack of a standard, were elicited by V. longisporum infection and 
CuSO4 treatment in our study.  
In addition to oilseed rape, over 30 other species of Brassicaceae have been reported to produce 
phytoalexins. Table 5 summarizes the published data on seven phytoalexins that were detected in 
this work. Phytoalexins elicited by V. longisporum in B. napus were also described in other 
Brassicaceae species. Brassilexin, cyclobrassinin, spirobrassinin, cyclobrassinin sulfoxide and 1-
methoxybrassinin were found in many crucifers, while brassinin and rutalexin are specific for 
Brassica spp.rape. Rutalexin has only been reported in B. napus ssp. rapifera; our study was the 
to show that it is also produced by B. napus. Rutalexin, spirobrassinin, cyclobrassinin and 
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Our results showed that the virulent strain VL43 of V. longisporum as well as avirulent strains 
VL1191 and VL1199 were able to elicit the synthesis of brassilexin, cyclobrassinin, 
spirobrassinin and rutalexin. 1-methoxybrassinin, which was reported to be produced by B. napus 
in response to fungal infection or abiotic stress (Pedras et al. 2007), was not detected in this study. 
Elicitation of phytoalexins by pathogens has been studied in many cruciferous plants, but 
surprisingly in B. napus only the effect of L. maculans has been published. The fact that 
apathogenic strains of V. longisporum induced phytoalexin synthesis in the same way as an 
aggressive strain was unexpected. The induction of phytoalexins by apathogenic fungal strains 
has not been studied so far. In line with the hypothesis about the function of phytoalexins 
(Hammeschmidt 1999), we expected that endophytes escaping detection by the host would not 
induce defense responses, which include phytoalexin synthesis. For a comparison, published data 
about the elicitation of these and further phytoalexins in cruciferous plants are summarized in 
Table 5. Oilseed rape cultivars may differ in the elicitation of phytoalexins, too. A rapid-cycling 
accession and variety Falcon were used in this study, while germline 2040 was used in the study 




Table 4. Induction of phytoalexin synthesis in B. napus by different elicitors 
 V. longisporum CuSO4 L. maculans CuCl2 
Brassinin No No - - 
Brassilexin Yes Yes Yes Yes 
Cyclobrassinin Yes Yes Yes Yes 
Spirobrassinin Yes Yes Yes Yes 
Rutalexin Yes Yes - - 
Cyclobrassinin 
sulfoxide 
- - Yes Yes 
1-methoxybrassinin No No Yes Yes 
     
Source This work This work (Pedras et al. 2011) (Pedras et al. 2011) 
Yes: Oilseed rape plants synthesized the corresponding phytoalexin after elicitation 
No:  Oilseed rape plants failed to synthesize the corresponding phytoalexin to a detectable level after elicitation 
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The identity of brassinin, brassilexin, cyclobrassinin, spirobrassinin and rutalexin was confirmed 
by authentic standards from a commercial source or synthesized in the laboratory. The levels of 
most phytoalexins induced by CuSO4 were higher than the levels induced by V. longisporum 
infection. We assume that the larger fraction of the plant tissue affected by the CuSO4 treatment 
as comparison to V. longisporum infection accounted for the difference. Cyclobrassinin was a 
notable exception. We assume that in contrast to the other phytoalexins, the synthesis of 
cyclobrassinin was not restricted to the tissue which was directly affected by the pathogen, but 
that cyclobrassinin was also synthesized in distant tissues. This implies the existence of  yet 
Table 5. Elicitation of seven main phytoalexins in Brassicaceae plants by various elicitors  
 Brassinin Brassilexin Cyclobrassinin Spirobrassinin Cyclobrassinin  
sulfoxide 
Rutalexin 1-methoxybrassinin 
B. adpressa       Cu, Lm 
B. atlantica       Cu, Lm 
B. carinata  
(Abyssinian 
cabbage) 
 Cu, Lm Cu, Lm Cu, Lm Cu, Lm  Cu, Lm 
B. juncea  
(brown 
mustard) 
 Cu, Ag,  
Ab, Lm 
Cu, Lm Cu, 
Ab, Lm 
Cu, Lm   
B. montana       Cu, Lm 
B. napus  
(oilseed rape) 

























B. nigra  
(black 
mustard) 










Pc  Cu, 
Pc 














  Pc 
B. rapa 
(rapseed) 
  C mu, Lm  Cu  Cu 
B. rapa  
(turnip) 
 Cu, Lm UV, 
Rs 
UV   UV, 
Rs 
R. sativus  
(Japanese 
radish) 
Pc   Pc   Pc 
S. arvensis  
(white 
mustard) 
 Lm   Lm   
Table is based on Pedras et al. (2011) and the results of this work; 
Name of the abbreviation: Cu: CuCl2; Ag: AgNO3; Lm: Leptosphaeria maculans; Rs: Rhizoctonia solani; Pc: Pseudomonas cichorii;  Ec: Erwinia 
carotovora; Ab: Alternaria brassicae;  
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unknown signaling compound(s) that spread in the plant, eliciting defense responses in distant 
organs in a similar same way as  in systemic acquired resistance (Ryals et al. 1996) or long-
distance signaling in plants after wounding (Toyota et al. 2018).  
 
3.4.2 Degradation of phytoalexins by Verticillium spp. 
Pathogens adapted to their hosts are supposed to have developed the capability to degrade 
phytoalexins into non-toxic compounds. This study focused on the degradation of three 
cruciferous phytoalexins: brassinin, brassilexin, and cyclobrassinin. Brassilexin is one of the most 
toxic phytoalexins, and together with cyclobrassinin its synthesis was induced by V. longisporum 
infection. Brassinin is the most studied cruciferous phytoalexin with abundant information 
available. Therefore we involved brassinin in the degradation study, although it was not elicited 
by V. longisporum infection. The tested Verticillium species degraded brassilexin completely in 
less than 20 h, while brassinin was still present in Verticillium cultures after 72 h. This was 
surprising because most cruciferous pathogens studied so far were able to detoxify brassinin 
(Table 6). A possible explanation is that the ability to degrade brassinin was not selected during 
the adaptation of V. longisporum to crucifers. Brassinin synthesis in B. napus is not induced by 
V. longisporum infection. Cyclobrassinin degraded spontaneously in sterile media; interestingly, 
the degradation was slowed down in the presence of fungal cultures. This unusual “phytoalexin 
protection” has not been further investigated. We suggest that acidification of the medium by the 
fungus may account for this phenomenon. We cannot exclude that cyclobrassinin was 
enzymatically degraded by V. longisporum in spite of lower net degradation rate in fungal 
cultures as compared to sterile medium. The degradation of cyclobrassinin by V. longisporum 
cannot be addressed quantitatively until the spontaneous break-up and of the compound and its 
stabilization by fungal culture is explained.  
Enzymes involved in brassinin detoxification have been studied in several plant pathogens. 
Brassinin oxidase (BOLm) was the first enzyme identified in L. maculans (isolate virulent on 
oilseed rape), which was capable to detoxifying phytoalexins in the tissue of oilseed rape (Pedras 
et al. 2008). Brassinin hydrolase (BHAb) from A. brassicicola and brassinin hydrolase (BHLm) 
from L. maculans (isolate virulent on mustard) were also reported (Pedras et al. 2009b). As 
mentioned previously, S. sclerotiorum detoxifies phytoalexins by glycosylation, and brassinin 
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glucosyl transferase was identified in this fungus (Sexton et al. 2009). We have not detected 
glycosylation by V. longisporum or any other fungal species except S. sclerotiorum, which 
supports a view that in glycosylation is a rare detoxification mechanism in fungi. In addition to 
brassinin, cyclobrassinin hydrolase (CHAb) was also isolated from A. brassicicola, but its 
characteristics were not identical to brassinin hydrolase (BHAb) (Pedras and Minic 2014), 
suggesting that pathogens possess detoxification enzymes that are specific for different 
phytoalexins.  
To complicate matters further, some phytoalexins inhibit detoxifying enzymes. For example, 
cyclobrassinin, camalexin and wasalexins A and B inhibit brassinin oxidase (BOLm) (Pedras et 
al. 2008); cyclobrassinin inhibits brassinin hydrolases BHAb and BHLm (Pedras et al. 2009b); 
camalexin, dioxibrassinin and brassilexin inhibit cyclobrassinin hydrolase (CHAb) (Pedras and 
Minic 2014).  
 
3.4.3 Toxicity of phytoalexins to V. longisporum 
Among the phytoalexin tested, only brassilexin exhibited strong toxicity towards V. longisporum, 
completely inhibiting spore germination at 20 µg/ml (around 0.1 mM) (Fig.19). Brassilexin is 
known as one of the most toxic phytoalexins from crucifers, therefore the capability to efficiently 
degrade brassilexin may play an important role of fungal pathogenicity. Brassilexin was degraded 
by Verticillium mycelia fast (Fig. 9), which explains why mycelial growth was not affected by 
brassilexin up to 40 µg/ml, as shown in Figure 20. Spores of V. longisporum apparently do not 
possess the enzyme detoxifying brassinin, therefore. Because V. longisporum spores germinate 
outside the roots (Eynck et al. 2007), the production of brassilexin, even if it were constitutive or 
induced by previous infection with another pathogen, is unlikely to prevent infection of B. napus 
with V. longisporum.  
Our study revealed that V. longisporum and other Verticillium species degrade brassilexin via an 
intermediate 3-(amino)methylenindoline-2-thione, which has been known from other degradation 
pathways (Pedras and Abdoli 2017) (Fig. 12). Further products could not be identified, 
presumably because the conversion of brassilexin to 3-(amino)methylenindoline-2-thione was a 
rate-limiting step in the degradation pathway and final products were too small to be detected by 
HPLC-MS. Our data indicates that Verticillium species may also produce brassicanal A as a 
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product of a minor pathway of the degradation of brassilexin. To address the biological relevance 
of these two and possibly further degradation pathways, the enzymes and genes have to be 
identified to facilitate the construction of disruption mutants.  
Although the role of brassilexin degradation in the virulence of Verticillium spp. can only be 
answered conclusively with the help of disruption mutants, our experiments indicate that 
detoxification of brassilexin plays a limited or no role in plant colonization because the ability to 
detoxify brassilexin was not correlated with the virulence of fungal strains. Figures 7 and 8 show 
that both virulent and avirulent Verticillium isolates degraded brassilexin with similar efficiency. 
Brassilexin degradation by the V. dahliae was the most efficient despite the fact that V. dahliae is 
not pathogenic on oilseed rape. Relatively high brassilexin degradation rates were also detected 
in F. graminearum and A. alternate (Fig. 6). Because brassilexin does not occur in plant hosts 
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It is thought that fungi protect themselves from predation by the production of compounds
that are toxic to soil-dwelling animals. Here, we show that a nontoxic pigment, the bis-
naphthopyrone aurofusarin, protects Fusarium fungi from a wide range of animal predators.
We find that springtails (primitive hexapods), woodlice (crustaceans), and mealworms
(insects) prefer feeding on fungi with disrupted aurofusarin synthesis, and mealworms and
springtails are repelled by wheat flour amended with the fungal bis-naphthopyrones aur-
ofusarin, viomellein, or xanthomegnin. Predation stimulates aurofusarin synthesis in several
Fusarium species and viomellein synthesis in Aspergillus ochraceus. Aurofusarin displays low
toxicity in mealworms, springtails, isopods, Drosophila, and insect cells, contradicting
the common view that fungal defence metabolites are toxic. Our results indicate that bis-
naphthopyrones are defence compounds that protect filamentous ascomycetes from pre-
dators through a mechanism that does not involve toxicity.
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Soil fungi play a key role in nutrient cycling by degradingrecalcitrant plant biomass. Fungal biomass is an attractivesource of nutrients for soil invertebrates1, and predation on
fungi disrupts fungal networks2,3 and modulates the composi-
tion4 and activity5 of fungal communities, thereby affecting
fungal ecosystem services6. Because fungi are sessile organisms,
their protection from predation consists primarily of chemical
defence.
This chemical defence can be mediated by proteins or sec-
ondary metabolites. The role of fungal ribosome-inactivating
proteins7, protease inhibitors8, and lectins9,10 in fungal chemical
defence has been elucidated at the molecular level. Studies of
fungal defence metabolites have a long history, albeit with
inconclusive outcomes. In 1977, Daniel Janzen suggested that
fungal toxins protect moulded material from consumption by
large animals and hinted that the same metabolites may protect
infected grain from storage pests11. Janzen’s ideas led to the
hypothesis that mycotoxins protect fungi from predators, and the
insecticidal properties of many mycotoxins have since been stu-
died12–14. Apart from their toxicity to insects, circumstantial
support for the role of mycotoxins in defence against predators
has been drawn from the stimulation of mycotoxin synthesis by
arthropod grazing15 and mechanical injury16 and from the
accumulation of toxic metabolites in fungal reproductive
organs17. Although the ecological function of toxins accumulating
in mushrooms (fruiting bodies of basidiomycetes) has been elu-
cidated18, efforts to substantiate the function of major mycotoxins
of filamentous ascomycetes in their defence against predators
have remained inconclusive19,20. Mycotoxin gliotoxin facilitates
the escape of Aspergillus flavus during phagocytosis by a soil
amoeba21; however, whether gliotoxin protects its producers from
animal predators remains unknown. Two polyketides that have
not been determined to be mycotoxins have been shown to
protect two ascomycetes fungi from animal predation: Aspar-
asone has protected the sclerotia of Aspergillus flavus from sap
beetles22, and neurosporin A has protected Neurospora crassa
from springtail grazing23. Nevertheless, there is no indication that
these findings can be generalised to related metabolites, other
fungal species, or additional predators.
In this work, we investigate the effect of springtail grazing on
the transcriptome of the filamentous ascomycete Fusarium gra-
minearum (F. graminearum). The biosynthesis pathways for
several secondary metabolites are induced via grazing. One of
these metabolites is aurofusarin, which belongs to bis-
naphthopyrones that are produced by many ascomycetes. Pre-
dation and mechanical damage stimulate aurofusarin synthesis.
When mutants of F. graminearum with disrupted aurofusarin
synthesis are offered to springtails, isopods, and mealworms, all
predators strongly prefer the mutants over the aurofusarin-
producing strains. Food choice experiments with purified
aurofusarin, xanthomegnin, and viomellein—which are bis-
naphthopyrones produced by many species of Fusarium, Asper-
gillus and Penicillium—reveal antifeedant effects of all three
metabolites in mealworms and springtails. Toxicity assays with
mealworms, springtails, Drosophila larvae, and insect cell cultures
show a low toxicity of aurofusarin to arthropods. These results
suggest that fungal bis-naphthopyrone pigments—which are
widespread among ascomycetes—protect fungi from predators by
exerting antifeedant effects on a wide range of phylogenetically
distant arthropods.
Results
Predation stimulates the synthesis of aurofusarin. Assuming
that defence metabolites are synthesised on demand, we
sequenced the transcriptome of the fungus F. graminearum that
had been exposed to the springtail Folsomia candida to reveal
which biosynthetic pathways were induced by grazing. RNA was
extracted from fungal cultures after grazing, and the mRNA levels
of all genes were determined by sequencing (RNAseq). Grazing
was found to stimulate the transcription of pathways for the
metabolites aurofusarin, fusarin C, and fusaristatin A (Fig. 1 and
Supplementary Fig. 1b, c), additional gene clusters that are
putatively involved in secondary metabolism (Supplementary
Fig. 2), and seven genes that encode small proteins (Supple-
mentary Fig. 1a). Pathways for the mycotoxins deoxynivalenol
and zearalenone—which are toxic to insects13,14—and for
necrosis and ethylene-inducing peptide-like proteins—which we
hypothesised to be defence agents owing to their similarity to
lectins24—were not induced by grazing. The RNAseq data are
accessible under E-MTAB-6939 at ArrayExpress, EMBL–EBI
(www.ebi.ac.uk/arrayexpress), and their analysis for 13,710 genes
of F. graminearum can be found in Supplementary Data 1.
Aurofusarin was selected for further work because it is
produced by many fungal species25,26 and because metabolites
of similar structures are produced by many genera of ascomy-
cetes27 (see below). Aurofusarin is a red pigment known from
maize ears infected with F. graminearum (Fig. 2a) and pure
cultures of the fungus (Fig. 2b). It belongs to dimeric naphtho-γ-
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Fig. 1 Secondary metabolite pathways upregulated by grazing in F.
graminearum. Fusarium graminearum IFA66 was exposed to the springtail
Folsomia candida for 48 h. RNA was extracted, and the levels of individual
mRNAs were determined by RNA sequencing (RNAseq). Black points show
log2(fold change) values for each gene in grazed versus control cultures.
Upregulated gene clusters are defined as having > 50% of all genes and/or
having the gene that encodes a signature enzyme be significantly induced
(the log2(FPKM) was higher than 1.0 (dotted line), and the q value was
lower than 0.01). Accession numbers: fusarin C (FGSG_07798,
07800–07805, and 13222–13224), cluster C62 (FGSG_10606, 10608,
10609, and 10611–10614, 10616, and 10617), aurofusarin
(FGSG_02320–02329), terpenoids (FGSG_01737–01749), fusaristatin A
(FGSG_08204–08210, 08213, and 08214), and putative cluster
(FGSG_10557–10560, 10562–10567, 10569–10571, and 10573). Four
biological replicates were used. Box plots show the median and interquartile
range. Whiskers indicate the largest and smallest observation or 1.5-fold of
the interquartile range, whichever is smaller or larger, respectively
(Q1–1.5 × (Q3–Q1) or Q3+ 1.5 × (Q3–Q1)). Source data are provided in a
Source Data file
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of all genes of the aurofusarin cluster except one (Fig. 2c). To
examine whether aurofusarin synthesis was also induced by other
predators, F. graminearum and F. culmorum were subjected to
feeding by the springtail F. candida and the nematodes
Aphelenchoides saprophilus and Bursaphelenchus mucronatus for
different time periods, and relative mRNA levels for five genes of
aurofusarin synthesis28 were estimated by RT qPCR (Fig. 2g–j).
Predation induced the aurofusarin pathway in all fungus/animal
combinations. The estimation of the aurofusarin concentration in
F. graminearum and F. culmorum cultures that had been
subjected to springtail grazing by high-performance liquid
chromatography (HPLC) with light absorption detection
(HPLC-DAD) revealed that aurofusarin accumulation was
simulated by grazing and that aurofusarin in grazed mycelia
amounted to up to 2.5% of the dry weight (Fig. 2d, e). We were
not aware of any non-polymeric secondary metabolite that
accumulates in fungal mycelia at such a level, and we therefore
determined the aurofusarin content in the mycelia of five
Fusarium species grown in liquid cultures by HPLC with mass
spectrometric detection (HPLC-MS/MS) (Supplementary Fig. 3).
Aurofusarin levels of 1–7% of dry weight were found in four
Fusarium species. Because both HPLC-DAD and HPLC-MS rely
on aurofusarin standards, which are notoriously unstable
(see Methods), extracts of six F. venenatum cultures were re-
analysed via HPLC with evaporative light-scattering detection
(ELSD) for additional verification. ELSD is less accurate than
DAD or MS yet does not require aurofusarin standards. The
analysis confirmed the high levels of aurofusarin in fungal
mycelia.
To determine whether aurofusarin synthesis is stimulated by
predation in other Fusarium species, cultures of F. poae,
F. venenatum, and F. avenaceum on solid media were subjected
to grazing by the springtail F. candida, and F. venenatum and
F. sporotrichioides were subjected to grazing by the woodlouse
Porcellio scaber (Supplementary Fig. 4). Mycelia of F. venenatum,
F. sporotrichioides, and F. avenaceum turned red in areas exposed
to predation, indicating that the predation had stimulated
aurofusarin synthesis.
Aurofusarin deters a wide range of predators from feeding. A
key characteristic of defence metabolites is that they suppress
predation. To test whether aurofusarin protected its producers
from predation, F. graminearum accumulating aurofusarin and
genetically engineered strains that were unable to produce aur-
ofusarin were simultaneously offered to predators in food choice



























































































































































































Induction of aurofusarin pathway by springtail grazing
c
d e i j
Fig. 2 Aurofusarin synthesis in Fusarium spp. is stimulated by predation. a An ear of corn inoculated with F. graminearum showing red pigment aurofusarin
(courtesy of Dr Belinda J. van Rensburg, ARC South Africa). b F. graminearum cultures in potato broth. c Upregulation of genes of aurofusarin biosynthesis
in F. graminearum after exposure to grazing by the springtail Folsomia candida for 48 h (RNAseq; n= 4; see Fig. 1 for details). d, e Aurofusarin accumulation
in F. graminearum and F. culmorum exposed to grazing by the springtail Folsomia candida (n= 4). f Structure of aurofusarin. g, h Upregulation of genes of
aurofusarin synthesis in F. graminearum and F. culmorum after grazing by Folsomia candida (RT qPCR). i, j Upregulation of genes of aurofusarin synthesis
after exposure to the fungivorous nematodes Aphelenchoides saprophilus and Bursaphelenchus mucronatus (RT qPCR). The gene cluster was labelled as
significantly induced when mRNA levels of at least three genes increased at least threefold and the increase was statistically significant (**P < 0.001, ***P <
0.0001, two-tailed t test) with both reference genes (glyceraldehyde-3-phosphate dehydrogenase and elongation factor 1a). Error bars show s.e.m. Three
to four biological replicates were used in RT qPCR (see Supplementary Data 3). Source data are provided in a Source Data file
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lineages were used: the collembolan F. candida (primitive
arthropod), the woodlouse Trichorhina tomentosa (crustacean),
and the mealworm Tenebrio molitor (insect). Aurofusarin-
producing and nonproducing cultures were placed onto oppo-
site sides of Petri dishes, and the number of animals feeding on
each culture was monitored. All predators displayed a strong
preference for mutants that did not produce aurofusarin (Fig. 3).
Within 1 hour, most mealworms had gathered on the cultures
without aurofusarin, where they remained until the end of the
experiment. The springtails and woodlice gradually gathered on
cultures of non-producers; as shown in Fig. 3, after 8 h most
animals were feeding on cultures without aurofusarin. The
disruption of biosynthetic pathways for the mycotoxins deox-
ynivalenol and zearalenone in F. graminearum had no effect on
food preference (Supplementary Fig. 5), though both mycotoxins
are toxic to insects13,14. The reversal of the springtails’ food
preference for F. verticillioides over F. graminearum via the dis-
ruption of aurofusarin synthesis in F. graminearum (Supple-
mentary Fig. 5) indicates that aurofusarin had served as the
major—or only—defence metabolite of F. graminearum deterring
the springtails in this experiment.
The disruption of the biosynthetic pathway for aurofusarin
synthesis may indirectly affect the synthesis of other metabo-
lites25,29 which may include unknown attractants. To clarify
whether indirect effects of the disruption of the aurofusarin
pathway may account for the arthropods’ preference for fungi in
which aurofusarin does not accumulate, mealworms were offered
wheat flour amended with purified aurofusarin and unamended
flour (Fig. 4). The larvae’s strong preference for flour without
aurofusarin revealed that aurofusarin possesses antifeedant
activity and efficiently deters predators at a concentration similar
to its concentration in fungal mycelia upon grazing (Fig. 2d, e).
The exclusion of light in these experiments helped ensure that the
animals not recognise aurofusarin by its colour.
Aurofusarin is not toxic to arthropods. Why do predators avoid
aurofusarin-accumulating fungi? The avoidance of food contain-
ing toxins is an adaptation that reduces toxic exposure7. Aur-
ofusarin has been reported to be toxic in poultry30, but metabolites
other than aurofusarin might have been responsible for the effects
described in this work because the poultry feed used in these trials
had not been amended with pure aurofusarin, but rather with a
culture of a fungus known to be a potent producer of mycotoxins.
To determine whether aurofusarin is toxic to insects, mealworms
were fed wheat flour amended with aurofusarin for 10 d, and their
weight gain was determined. Aurofusarin at concentrations of up
to 1 mg g−1 did not affect the mealworms’ growth (Fig. 5a). This
concentration is two to three orders of magnitude greater than
concentrations at which mycotoxins display toxicity in
insects13,14,31. At 10mg g−1, aurofusarin suppressed the meal-
worms’ growth. At this concentration, aurofusarin substantially
reduced feed intake (Fig. 4a), and we therefore assume that the
suppression of mealworms’ growth on flour with 10mg g−1 of
aurofusarin was caused by reduced feeding rather than toxicity.
To test the developmental toxicity of aurofusarin on an
arthropod that did not feed on filamentous fungi, we fed larvae of
Drosophila melanogaster with food amended with aurofusarin at
the same level as in the previous experiments as well as at a lower
level of 2 mg g−1 for 2 days. This feeding was followed by a
transfer to a medium without aurofusarin to accomplish the
development (Fig. 5b). No differences in the number of adults
emerging from pupae in feeding trials with and without
aurofusarin were found, which indicated that aurofusarin did
not cause developmental toxicity in D. melanogaster.
The effect of aurofusarin on the growth and mortality of the
springtail F. candida and the woodlice Trichorhina tomentosa
was studied by monitoring the mortality of animals fed on
F. graminearum and its aurofusarin-nonproducing mutant for
5 weeks, and the size of the animal bodies was estimated at the
end of the experiment (Table 1). Forced feeding on
F. graminearum cultures in which aurofusarin had accumulated
did not cause any mortality in the springtail F. candida or the
isopod Trichorhina tomentosa. The growth of animals fed on
mycelia with aurofusarin was reduced as compared with
aurofusarin-nonproducing mutants, but the effects were small,
indicating that reduced feed consumption rather than toxicity was
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Fig. 3 Predators avoid fungal cultures in which aurofusarin accumulates.
a Mealworms in a Petri dish with cultures of Fusarium graminearum
producing aurofusarin (WT) and a nonproducing mutant (ΔAUR1). b–d The
food preferences of the springtail Folsomia candida for F. graminearum WT
and aurofusarin-nonproducing mutants were studied by placing springtails
that had been starved for 2 days into the centre of a Petri dish containing
fungal cultures and by counting the animals feeding on each culture (20
animals per plate; four replicates). e–f The food preference of the isopod
Trichorhina tomentosa was tested in the same manner with eight animals per
arena and four replicates. g The food preference of the mealworm Tenebrio
molitor was examined by placing larvae into Petri dishes containing fungal
cultures on microscope slides, as shown in a. Sixteen replicates with 10
animals per plate were used. Error bars show 95% CI. Source data are
provided in a Source Data file
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aurofusarin-containing mycelia corroborates the lack of toxicity
of aurofusarin in springtails and isopods.
The low toxicity of aurofusarin in mealworms, Drosophila,
isopods, and springtails could be accounted for by inefficient
absorption, detoxification in the digestive tract, or fast clearance.
Toxicity assays with cell cultures circumvent these effects, and we
therefore investigated the effect of aurofusarin on a cell culture of
the fall armyworm, Spodoptera frugiperda, which is an established
toxicity model for insects14. Aurofusarin also exhibited relatively
low toxicity in insect cells (Fig. 5c). The low toxicity of
aurofusarin contradicts the hypothesis that fungal defence
metabolites are toxic to predators12–15,19,20.
Mechanism of the induction of aurofusarin synthesis by




































Fig. 4 Aurofusarin in wheat flour repels mealworms. a The weight of the wheat flour and faeces left by five larvae of T. molitor after 4 d of feeding on 0.4 g
of wheat flour with and without 10 mg g−1 of aurofusarin. The significance of the difference was analysed with unpaired two-tailed t test (n= 3, p=
0.0033). b Single mealworms were placed on Petri dishes between two portions of 100mg of wheat flour, one of which was amended with 10 mg g−1 of
aurofusarin. The arenas were kept in total darkness and opened only for a second in dim light to record the mealworm location (n= 20, error bars show CI
95%). Source data are provided in a Source Data file
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Fig. 5 Toxicity of aurofusarin to arthropods. a The weight of T. molitor after 10 d of feeding on wheat with different concentrations of aurofusarin. The
average initial weight is indicated by the dashed line. Means and SD of 4 replicates, each with 10 animals, are shown. The effect of aurofusarin at 10 mg g−1
was analysed with two-sided t tests (10 individuals per experiment, n= 4, p= 0.0027). b The developmental toxicity of aurofusarin was tested by feeding
larvae of Drosophila melanogaster on food with and without aurofusarin for two days, followed by incubation on standard food to accomplish the
development (10 larvae per arena, 10 arenas per treatment, error bars show s.e.m.). Maize agar was used to simulate starvation. c The viability of Sf9 cells
(fall armyworm Spodoptera frugiperda) after 24 h of incubation with aurofusarin (n= 3) shown as means with error bars showing s.e.m. The coloration of
data points and bars indicates aurofusarin concentration in flour. Source data are provided in a Source Data file
Table 1 Growth of predators fed aurofusarin mutants of Fusarium graminearum
Predator F. g. n Length (mm) Rel. length p value Width (mm) Rel. width p value
F. candida WT 56 0.89 ± 0.13 100% – 0.19 ± 0.03 100% –
ΔAUR1 21 1.08 ± 0.20 121% < 0.0001 0.23 ± 0.06 123% < 0.0001
ΔAUR2 35 1.05 ± 0.23 119% < 0.0001 0.23 ± 0.06 122% < 0.0001
ΔAUR3 35 0.94 ± 0.15 105% 0.12 0.21 ± 0.04 112% 0.0085
T. tomentosa WT 10 1.50 ± 0.13 100% – 0.62 ± 0.07 100% –
ΔAUR1 12 1.81 ± 0.10 121% < 0.0001 0.69 ± 0.09 112% 0.048
ΔAUR2 13 1.76 ± 0.09 117% < 0.0001 0.70 ± 0.05 114% 0.0029
ΔAUR3 14 1.82 ± 0.15 122% < 0.0001 0.73 ± 0.06 119% < 0.0001
The animals were fed on F. graminearum for 5 weeks. F. candida, springtail Folsomia candida; T. tomentosa, isopod Trichorhina tomentosa; Rel. length, body length relative to animals fed on WT; Rel. width,
body width relative to animals fed on WT. Size at the beginning of trial: F. candida length 0.48 ± 0.08 mm, width 0.11 ± 0.02mm; T. tomentosa length 1.20 ± 0.08 mm, width 0.50 ± 0.05mm. Length and
width are shown as mean ± s.d. p values were determined using a two-tailed t test. Source data are provided in a Source Data file
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(Fig. 2b) and in mycelia that had been exposed to a wide range of
predators with different feeding modes (Fig. 2d, e, i–j) indicate
that mechanical damage alone stimulates the synthesis of aur-
ofusarin in F. graminearum. To test this hypothesis, we injured
the mycelium of F. graminearum using an array of razor blades
and monitored the aurofusarin content in the mycelia (Fig. 6).
The results confirmed that mechanical damage was sufficient to
induce aurofusarin synthesis in F. graminearum and showed that
the effect was local (remaining confined to damaged parts of
mycelia) and that the accumulation of increased levels of aur-
ofusarin continued for at least 120 h after the injury. The mycelia
of F. graminearum and F. culmorum in shaken liquid cultures
accumulated more aurofusarin than still cultures, indicating that
shaking caused mechanical injury (Supplementary Fig. 3).
F. avenaceum and F. poae accumulated low amounts of aur-
ofusarin in both culture types, but F. venenatum produced higher
amounts of aurofusarin in still cultures than in shaken cultures,
contradicting the results obtained with F. graminearum and
F. culmorum. To clarify the discrepancy, the mycelium of
F. venenatum that had been growing on an agar medium was
injured with a razor blade array (Supplementary Fig. 6). Within
24 h, the injured mycelia turned red, showing that mechanical
damage induced aurofusarin synthesis also in F. venenatum. As
shaking has not stimulated aurofusarin synthesis in F. venenatum
(Supplementary Fig. 3), it apparently has not caused damage in
this fungus comparable to cutting (Supplementary Fig. 6) or
predation (Supplementary Fig. 4b).
Further fungal bis-naphthopyrones act as antifeedants. The
magnitude of the deterrence effect of aurofusarin and the wide
range of predators responsive to the antifeedant indicated that
aurofusarin is F. gramineraum’s major defence metabolite.
Dimeric naphthopyrones similar to aurofusarin are produced by
many genera of filamentous ascomycetes. Core structures of over
50 such metabolites are shown in Fig. 7. Their biological function
is unknown. Viomellein and xanthomegnin—which are produced
by many species of Aspergillus, Penicillium, Trichophyton, and
other genera—were selected to investigate their inducibility by
predation and their antifeedant activity towards arthropods.
Induction of the viomellein synthesis by grazing was tested by
subjecting cultures of the viomellein producer Aspergillus ochra-
ceus to grazing by the springtail F. candida. The analysis of
extracts of grazed and controlled fungal cultures by HPLC
showed that grazing stimulated the synthesis of viomellein in
fungal mycelia (Fig. 8a).
The deterrent effect of xanthomegnin and viomellein on the
springtail F. candida was tested by offering baker’s yeast spiked with
these metabolites to the springtails in food choice experiments. At a
spiking level of 10mg g−1, the springtails strongly avoided yeast
containing either xanthomegnin or viomellein (Fig. 8b, d). After 20
min, hardly any animal was found feeding on food spiked with
xanthomegnin or viomellein. The deterrence was less prominent yet
still highly significant at a spiking level of 2 mg g−1 (Fig. 8c, e). The
results showed that the fungal bis-naphthopyrones viomellein and
xanthomegnin are antifeedants that exert effects similar to
aurofusarin on the springtail F. candida.
Discussion
Secondary metabolite synthesis in fungi is highly diverse, and
most secondary metabolite pathways are species-specific32,33.
Identical or similar structures are rarely found among secondary
metabolites produced by more than two fungal genera. In con-
trast to other secondary metabolites, dimeric naphthopyrones
have been found in all genera of filamentous ascomycetes
investigated thus far, suggesting that they fulfil a common and
widespread biological function. Our study indicates that this
function is defence against animal predators.
Fungal strains defective in secondary metabolism owing to
dysfunctional global regulator velvet complex20,34, which controls
secondary metabolism and development35, and strains with
constitutively stimulated secondary metabolism36 were used in
food choice experiments. Predators preferred strains impaired in
secondary metabolite synthesis and avoided strains with con-
stitutively stimulated secondary metabolite synthesis, but the
pleiotropic character of these mutations prevented identification
of metabolites responsible for the effects. Mycotoxin ster-
igmatocystin was most often implicated in defence, but pathway-
specific mutants failed to confirm its role20. Our results indicate
that the metabolites responsible for the loss of protection against
predation in fungal strains with globally suppressed secondary
metabolism were dimeric naphthopyrones.
If bis-naphthopyrones are defence metabolites ubiquitous among
ascomycetes, why was the induction of their synthesis by predation
not observed earlier? Transcriptomic studies in fungi have included
various sorts of treatments, but surprisingly the effect of predation
on fungal transcriptome has not been investigated. The effect of
predation on fungal metabolome was addressed in a single study, in
which Aspergillus nidulans was exposed to grazing by the springtail
F. candida15. The metabolites found to be stimulated by predation
did not include naphthopyrones. A. nidulans produces naphtho-
pyrone YWA1, which is similar to the aurofusarin precursor
rubrofusarin28 and is dimerised into green pigment37 in the same
way that rubrofusarin is dimerised into aurofusarin28. Why was the
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Fig. 6 Mechanical injury induces aurofusarin synthesis. a An array of 10 razor blades assembled at distances of 1 mm. b Fusarium graminearum IFA66 on
GM7 medium at 22 °C immediately after injury with the razor blade array (upper photo) and 24 h later (lower photo). c F. graminearum cultures were
grown on rice media for 5 days, injured with the blade array in the same manner as in b, and harvested at the indicated times. The aurofusarin content was
determined via HPLC-MS/MS (n= 4, error bars show s.e.m). Source data are provided in a Source Data file
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reason was that as in most studies of interactions between
A. nidulans and arthropods conducted thus far, in this study, an
A. nidulans strain carrying mutation veA1 was used, which is
defective in secondary metabolite production and defence respon-
ses38. VeA is part of the velvet complex, which is needed for aur-
ofusarin synthesis in F. graminearum39. The metabolites induced by
grazing in A. nidulans veA1 may belong to a second-tier level of
defence, though our results indicate that in F. graminearum, bis-
naphthopyrones are mainly—if not only—defence metabolites that
target predators.
One Fusarium species that does not produce dimeric naph-
thopyrones is F. proliferatum. The absence of antifeedant
metabolites in this species is in line with the observation that
wheat kernels colonised with F. proliferatum attracted rather than
repelled the mealworm Tenebrio molitor40. F. proliferatum sur-
vives a passage through the digestive system of T. molitor, and its
propagules continue to be disseminated by faeces of the beetle
long after ingestion41, suggesting that the loss of bis-
naphthopyrone synthesis may have been selected in this species
during its adaptation to dissemination by insects.
Aurofusarin synthesis in Fusarium species was induced by
predators with different feeding modes and by cutting mycelia
with razor blades, indicating that mechanical damage was suffi-




































































































































Fig. 7 Production of dimeric naphthopyrones by ascomycetous fungi. The taxonomic affiliation of selected fungal genera that produce dimeric
naphthopyrones27 is shown on the left with schematic structures of bis-naphthopyrones on the right. The Structure Classes A to G contain dimeric
naphtho-α-pyrones and naphtho-γ-pyrones consisting of linear heptaketides; the classes differ by the position of the link between monomers and by the
presence of either α- or γ-pyrones. The metabolites of Class H contain angular heptaketides, and all metabolites of this class listed here contain γ-pyrones.
The metabolites used in this study have been labelled
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for the activation of defence responses by shaking or stirring
fungal cultures in buffled flasks and fermenters should be con-
sidered in physiological studies on fungi in liquid media. The
induction of bis-naphthopyrones synthesis in fungi by wounding
contrasts with the chemical defence of land plants against her-
bivory, which requires specific signals in addition to wounding42.
Defence response induction in plants by wounding alone would
lead to frequent false alarms because plant shoots are often
injured by being hit by solid objects in the wind and owing to
passing animals, whereas fungal hyphae are protected by the solid
substrates inside of which they grow. The second difference
between the chemical defence of plants and fungi against pre-
dation is that plant defence against herbivory spreads systemically
and even reaches neighbouring plants via volatile signals43,
whereas fungal defence remains confined to the area affected by
the damage (Fig. 6, Supplementary Figs. 4 and 6).
The presence of defence metabolites of the same structural
class that presumably possess the same mode of action in many
fungal species is likely to exert a strong selection pressure on the
predators. If insects are notorious for their rapid development of
resistance to insecticides44 and mushroom-feeding insects tolerate
mushroom toxins18, why are bis-naphthopyrones still active
against a wide range of fungivores that have likely been exposed
to these metabolites for hundreds of millions of years? Aur-
ofusarin content in F. graminearum that has been exposed to
predation is very high (Figs. 2d, e). The maintenance of the high
production of aurofusarin that may infer substantial fitness costs
—as evidenced by markedly increased growth rates of mutants
with disrupted aurofusarin synthesis25,29—must have been sub-
jected to a strong selection pressure. We hypothesise that high
levels of aurofusarin in fungal mycelia prevented predators from
adaptation by saturating molecular targets of aurofusarin with
binding affinities reduced by mutations, or by overwhelming
enzymatic degradation. Mycotoxins never accumulate in com-
parably high concentrations, which would probably cause self-
poisoning that even protection mechanisms of mycotoxin pro-
ducers45 could not prevent. The synthesis of an antifeedant of low
toxicity in large amounts exemplifies a new concept in fungal
chemical defence, with aurofusarin, viomellein, and xantho-
megnin serving as the first examples. The ubiquity of bis-
naphthopyrone pigments in ascomycetes indicates that this
defence mechanism is widespread. The defence function of aur-
ofusarin extends and modifies Janzen’s 40-year-old hypothesis
that fungi protect their substrates from animals via poisonous
chemicals11. Rather than structurally diverse toxins produced in
low amounts, structurally similar antifeedants accumulating at
high amounts protect fungi from soil-dwelling predators. The
intriguing question for future research is how a single metabolite
class deters a wide range of predators. The presence of gustatory
receptors triggered by bis-naphthopyrones in phylogenetically
distant arthropods, including crustaceans, springtails, and insects,
indicates that natural ligands of these receptors are compounds
common in food substrates of all arthropods, such as proteins or
polysaccharides.
Methods
Animals. The larvae of the beetle Tenebrio molitor (Insecta: Coleoptera) and the
isopod Trichorhina tomentosa (Crustacea: Oniscidea) were purchased from Zoo &
Co. Zoo-Busch and b.t.b.e. Insektenzucht GmbH (Schnürpflingen, Germany). The
culture of F. candida (strain: Berlin) was obtained from the Institute of Zoology,
University of Goettingen, Germany, and was kept on Petri dishes filled with a layer
of gypsum plaster with charcoal (9: 1). The culture of Porcellio scaber was initiated
using animals collected in Göttingen, Germany, in spring 2017. The culture of
Drosophila melanogaster was initiated with animals caught in 2006 in Kiel, Ger-
many. Cultures of the nematodes Aphelenchoides saprophilus and Bursaphelenchus
mucronatus were obtained from Prof. Liliane Ruess, Humboldt University of
Berlin, Germany, and Professor Jiafu Hu, Zhejiang Agriculture and Forestry
University, China, respectively.
Fungal strains. The F. graminearum strain IFA6646 (DON chemotype) was
obtained from Dr Marc Lemmens (BOKU, Tull, Austria) via Professor Thomas
Miedaner (University of Hohenheim, Germany). Aurofusarin-deficient mutants
were generated by disrupting the polyketide synthase gene PKS1225 in F.grami-
nearum 1003 and were labelled △AUR1, △AUR2, and △AUR3. The
zearalenone-deficient mutant △ZEN was generated from the same parent by
disrupting the polyketide synthase gene PKS4 involved in zearalenone synthesis.
The deoxynivalenol-deficient mutant △DON was generated from the strain
F. graminearum 3211 by disrupting Tri5 gene47. F. culmorum 3.3740 was a gift from
late Professor Heinz-Wilhelm Dehne (University of Bonn, Germany). A. ochraceus
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Fig. 8 Antifeedant activity of viomellein and xanthomegnin. a Aspergillus ochraceus was grown on rice kernels for 5 d. The springtail Folsomia candida was
added to fungal cultures and allowed to feed for 6 d. The cultures were extracted with chloroform/methanol (80:20) and analysed via HPLC with light
absorption detection. Viomellein appeared as two peaks originating from stereoisomers (atropisomers) and separated owing to restricted intramolecular
rotation around the biaryl axis. b–e The food preference of springtails Folsomia candida for yeast amended with viomellein or xanthomegnin. The animals
were placed into the middle of arenas containing dry yeast on one side and dry yeast amended with viomellein or xanthomegnin on the other side. The
number of springtails visiting each diet was recorded in a time series. Seven replicates were used, each with 20 animals. No statistical test was used for
the data obtained for 10mg g−1 of bis-naphthopyrones b, d. For the data obtained with 2mg g−1 of bis-naphthopyrones c, e, cumulative values for all time
points beginning with 20 h were compared using two-tailed t tests. The preference for yeast without naphthopyrones was highly significant for both
metabolites (viomellein: n= 14, p= 0.0054; xanthomegnin: n= 10, p < 0.0001). Error bars show 95% CI. Source data are provided in a Source Data file
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Germany. F. avenaceum BBA92013 was obtained from Professor Tapani Yli-
Mattila, Turku, Finland. F. tricinctum RD30, F. venenatum RD15, and F. vene-
natum RD90 were isolated from weed samples in Germany and provided by Dr
Raana Dastjerdi, University of Goettingen, Germany. F. poae DSMZ62376 was
obtained from DSMZ (Braunschweig, Germany), and F. verticillioides M-8114 was
obtained from the Fusarium Research Center (University Park, PA, USA).
F. sporotrichioides IPP0249 was obtained from Prof. A. von Tiedemann (University
of Goettingen, Göttingen, Germany).
Fungal media and cultures. The potato broth medium (PDB) was prepared by
boiling 200 g of potatoes with the peel in 1 L of tap water for 20 min and auto-
claving the filtrate with 20 g of glucose. GM7 medium48 contained 3 g L-asparagine,
1 g KH2PO4, 0.5 g MgSO4·7H2O, 20 g glucose, 50 mg CaCl2, 10 mg FeCl3, 1 mg
thiamine and 20 g agar in 1 L; pH was adjusted to 5.6. Liquid cultures of Fusarium
spp. for the analysis of aurofusarin content were grown in 30 ml of PDB in 100-ml
Erlenmeyer flasks at 23 °C. Rice medium for the analysis of aurofusarin accumu-
lation in Fusarium spp. cultures after injury with a razor blade array was prepared
by autoclaving a mixture of 1.5 ml of tap water with 0.5 g of rice powder (Alnatura
GmbH, Bickenbach, Germany) in glass Petri dishes with a diameter of 5 cm. Rice
medium for the investigation of the effect of predation on pigment accumulation
was prepared by autoclaving 20 g of rice powder and 20 g of agar in 1 L of tap water
and was poured into plastic Petri dishes with a diameter of 9 cm.
Purification of aurofusarin. Aurofusarin was extracted from F. graminearum
IFA66 that had been grown in PDB for 2 weeks at 25 °C with shaking at 200 rpm.
Fungal mycelium was freeze–dried, ground, and extracted with 50 ml of chloro-
form/methanol (80:20) per gram of mycelium. The extract was cleared by cen-
trifugation and the solvent removed in vacuum. Aurofusarin was purified by
ethanol precipitation from phenol49 at 50 °C followed by crystallisation from glacial
acetic acid50. The purity of crystallised aurofusarin was verified by HPLC-ELSD
(see “Aurofusarin analysis by HPLC-MS/MS and HPLC-ELSD”).
Exposure of F. graminearum and F. culmorum to predation. For transcriptome
analysis, 5000 fungal spores in 5 µL of water were inoculated onto three rice kernels
that had been autoclaved with 200 µl of demineralised water (for arthropods) or
onto 40 mg of rice flour that had been autoclaved with 150 µl of demineralised
water (for nematodes) in 15-ml Falcon tubes and incubated at 15 °C in the dark.
After 7 d, the following predators were added to the fungal cultures: 20 mg
(~200 individuals) of the springtail F. candida starved for 2 days or 2000–3000
individuals of the nematode Aphelenchoides saprophilus or 1000–2000 individuals
of the nematode Bursaphelenchus mucronatus. Controls were incubated under the
same conditions without animals. Each group consisted of four replicates.
Transcriptome analysis by RNAseq. F. graminearum IFA66 was exposed to
predation by F. candida, as described above. After 48 h, four cultures with pre-
dators and four control cultures were harvested, the animals were removed, and the
total RNA was extracted using the RNAsnap method51, which was modified as
follows: Fungal cultures were suspended in 400 µl of RNA extraction solution (95%
deionised formamide, 18 mM EDTA, 0.025% SDS, and 1% 2-mercaptoethanol) and
disrupted via shaking with zirconia beads (2.0 mm in diameter, Carl Roth, Karls-
ruhe, Germany) in the reciprocal mill MM 200 (Retsch, Haan, Germany) for 2 min
at maximum power, followed by incubation at 95 °C for 7 min. Cell debris was
removed by centrifugation at 16,000 × g for 5 min at room temperature. The
supernatant was transferred into an RNA precipitation mixture consisting of 800 µl
of isobutanol, 400 µl of 5 M guanidine thiocyanate, and 5 µl of linear polyacrylamide
used as a co-precipitant (Co-Precipitant Pink, Bioline, London, UK). The mixture
was centrifuged at 16,000 × g for 5 min at room temperature, and the pellet was
washed with 75% ethanol, dried, and dissolved in RNAase-free water.
Strand-specific cDNA libraries were prepared using Illumina’s TruSeq stranded
mRNA kit (75 bp paired-end) and sequenced on Illumina NextSeq 500V2. Data
were analysed using the public server of Galaxy52 (https://usegalaxy.org/). Before
the analysis, the reads were trimmed to remove low-quality sequences. The reads
were mapped to the reference genome (F. graminearum PH-1) using Hisat2
v2.0.5.1 with the default options for single-end data53. Cufflinks v2.2.154 was used
to determine the abundance of transcripts in FPKM (Fragments Per Kilobase of
exon per Million fragments mapped): The maximum intron length was set to 1000
nt, and the last annotated genome (ASM24013v3) was used as a reference. Cuffdiff
v2.2.1.354 was used to determine the changes in gene expression compared with the
control using an FDR (false discovery rate) of 0.05. Only genes with a log2 FPKM
(fold change) higher than 1.0 and a q value lower than 0.01 were considered to have
been significantly induced.
To identify upregulated secondary metabolite gene clusters, all upregulated
genes were checked in the National Center for Biotechnology Information (NCBI)
and in the European Bioinformatics Institute (EMBL–EBI) (UniProt) databases for
signatures of polyketide synthetases (PKS), nonribosomal peptide synthetases, and
terpenoid synthetases. Once more than 50% of the genes in a cluster and/or the
signature enzyme of a cluster had been significantly induced (log2 FPKM (fold
change) higher than 1.0 and q value lower than 0.01), the literature related to the
cluster was consulted to reveal the associated secondary metabolites. In this
manner, gene clusters for the biosynthesis of aurofusarin55, C6256,57, fusarin
C56,58,59, fusaristatin A56,57, and terpenoids56 were identified. The results were
corroborated with the help of AntiSMASH 3.060. The upregulated genes that had
been located immediately before and after the signature enzymes were considered
part of the cluster. Putative clusters without known signature enzymes were
identified using AntiSMASH 3.060 and corroborated manually.
Transcription analysis of aurofusarin pathway by RT qPCR. After exposure to
F. candida grazing for 0, 1, 2, 4, 8, 24, 48, 80, and 120 h (F. graminearum) or 80 and
120 h (F. culmorum) and after nematode feeding for 24 and 80 h (F. graminearum),
fungal mycelia were harvested, frozen in liquid nitrogen, and ground. RNA was
extracted using the guanidinium thiocyanate–phenol–chloroform method61, pre-
cipitated with 4 M LiCl for 3 h on ice, and reverse transcribed with RevertAid
Reverse Transcriptase (Thermo Fisher Scientific, California, USA) and random
primers according to the manufacturer’s instructions using 400 ng of RNA in 20-µl
reactions. The cDNA obtained was used as a template for PCR, which contained
ThermoPol Reaction Buffer (20 mM Tris-HCl, 10 mM (NH4)2SO4, 10 mM KCl, 0.1%
Triton-X-100, pH 8.8 at 25 °C) with 2.5–4.5 mM MgCl2, 200 µM dNTP, 0.3 µM
forward and reverse primers (Supplementary Data 2), SYBR Green I (Invitrogen,
Karlsruhe, Germany), 1 mgml−1 bovine serum albumin, 0.03 U µl−1 Taq poly-
merase (New England Biolabs, UK), and 1 µl cDNA as a template. PCR conditions
were as follows: 95 °C for 2 min, 35 cycles of 94 °C for 20–30 s, 59 °C for 30–40 s
and 68 °C for 30 s, with a final extension of 68 °C for 15 min followed by a melting
curve analysis beginning at 95 °C with a decrement of 0.5–55 °C. GAPDH- (gly-
ceraldehyde-3-phosphate dehydrogenase) and EFIA (elongation factor 1-alpha)
genes were used as an internal reference, and the primers are shown in Supple-
mentary Data 2. Three to eight biological replicates were analysed (Supplementary
Data 3). The amplification efficiency for each gene obtained with the help of serial
dilutions was used to calculate relative transcript levels (fold change)62. The sig-
nificance of differences between cultures subjected to predators and controls was
determined, as described in “Statistics and reproducibility”.
Analysis of food preference. The preference of the springtail F. candida and
the isopod Trichorhina tomentosa for fungal strains was studied on Petri dishes
(92 mm in diameter) filled with a mixture of gypsum plaster and charcoal (9:1).
Fungal cultures were grown on potato agar prepared from potato broth (see
above) solidified with 15 g L−1 agar and kept at 25 °C for 7–8 d in the dark. Agar
plagues were cut from the edge of fungal colonies using a sterile cord borer
(12 mm in diameter) and placed onto discs of matching size cut from Parafilm
and placed on the opposite sides of the Petri dishes. Twenty F. candida indi-
viduals or eight Trichorhina tomentosa individuals that had been starved for
2 days were placed into the centre of the Petri dishes, and the plates were
incubated at 15 °C in the dark. The number of collembolans and isopods on each
mycelium was recorded.
Food choice experiments with the mealworm T. molitor were carried out with
fungal mycelia as well as with wheat flour amended with aurofusarin. In an
experiment with fungal mycelia, F. graminearum strains were cultured on glass
slides covered with PDA. After 7–8 d at 25 °C, the slides were placed on the
opposite sides of Petri dishes (150 mm in diameter), and eight T. molitor larvae
were placed in the middle of the plates. The number of animals visiting each
fungal culture was recorded by taking photos at time intervals for 12 h, and
animals inside 13 × 6-cm rectangles that had been drawn around each slide were
counted. The experiments with wheat flour were carried out with groups of
animals and with single animals. Wheat flour (summer wheat variety Taifun)
was amended with aurofusarin that had been dissolved in chloroform to reach a
final concentration of 10 mg g−1. After shaking at room temperature for 1 h, the
chloroform was removed in a vacuum and the flour was left in an open Petri dish
overnight in a fume hood. Flour samples used as a control were treated with pure
chloroform in the same manner. Portions of 0.4 g of flour with and without
aurofusarin were placed on the opposite sides of Petri dishes. Five larvae of
T. molitor were added to each of three Petri dishes and allowed to feed for 4 d at
room temperature and in ambient light. The animals were subsequently
removed, and the weight of the remaining wheat flour with and without
aurofusarin (mixed with faecal pellets left by the animals) was determined. The
experiments with single animals were carried out with portions of 100 mg of
flour in Petri dishes covered with light-tight plant pot saucer trays. Single 3-
month-old mealworms (23.9 ± 1.8 mm) were placed into the centre of 20 Petri
dishes with one portion of flour with aurofusarin and another portion without
aurofusarin. The light-blocking trays were opened for two seconds in dim light
at fixed time intervals to record the mealworm location (n= 20).
Food choice experiments addressing the effect of xanthomegnin and viomellein
on F. candida were carried out with dry yeast (Dr. August Oetker Nahrungsmittel
KG, Bielefeld, Germany). The yeast was amended with aurofusarin dissolved in
chloroform to achieve final concentrations of 2 mg g−1 and 10 mg g−1, chloroform
was removed in vacuum and the yeast was left in open Petri dish overnight in a
fume hood. Yeast for the controls was treated with pure chloroform. Twenty
collembolans starved for 2 days were added to Petri dishes filled with charcoal/
plaster (1:9) and that contained 3 mg of dry yeast on one side and 3 mg of dry yeast
amended with viomellein or xanthomegnin on the other side and the number of
springtails visiting each diet was recorded in a time series.
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Toxicity of aurofusarin to mealworm Tenebrio molitor. Wheat flour was
amended with aurofusarin dissolved in chloroform, and the solvent was evaporated,
leading to aurofusarin concentrations of 0, 1, 10, 100, 1000, and 10,000 µg g−1.
Groups of ten larvae of T. molitor were weighed individually and placed in Petri
dishes containing 1 g of wheat flour amended with different amounts of aur-
ofusarin. After 10 d at 18 °C in the dark, the weight of the animals was determined
again. Each treatment consisted of four replicates, and two independent experi-
ments were carried out.
Toxicity of aurofusarin to insect cells in tissue culture. The S. frugiperda 9 (Sf9)
cell line was maintained in a Sf-900 II medium (Thermo Fisher Scientific China,
Shanghai, China) and grown at 28 °C. The cells were seeded into 96-well cell
culture plates with 8 × 103 cells in 100 µl medium per well, incubated for 24 h and
treated with 100 µl medium containing aurofusarin dissolved in dimethyl sulfoxide
(DMSO) for 24 h with the final DMSO concentration not exceeding 0.1%. MTT
(3-(4,5-dimethylthiazol-2-yl)−2,5-diphenyltetrazolium bromide) solution
(0.5 mgmL−1) was added to each well, and incubation was continued for 4 h.
Formazan precipitate was dissolved in 150 μL of DMSO, and the absorbance of the
solution at 490 nm was determined. Medium containing 0.1% DMSO was used as a
negative control. The test was performed in triplicate.
Developmental toxicity of aurofusarin in Drosophila. Flies were reared at room
temperature in BugDorm cages (MegaView Science, Taichung, Taiwan). Eggs were
collected in Petri dishes left in the cages and incubated at 22 °C in the dark for
hatching. Larvae were transferred into 2-ml-Eppendorf tubes containing 160 mg of
medium, which were closed with sponge stoppers and incubated in a humid
chamber in the dark at 25 °C. The standard food medium consisted of 62.5 g of
baker’s yeast, 62.5 g of cornmeal, 62.5 g of sucrose, and 12.5 g of agar per litre; the
maize agar consisted of 188 g of cornmeal and 12.5 g agar per litre. The medium
amended with aurofusarin was prepared by adding a chloroform solution of aur-
ofusarin to a mixture of yeast, cornmeal, and sucrose, followed by removing the
chloroform in a vacuum and adding the required amount of 1.25% agar in water
autoclaved and cooled to 60 °C. After incubation on the medium with aurofusarin
for 2 days (with the full medium and the cornmeal medium used as controls), all
larvae were transferred to a fresh medium to accomplish the development, and the
flies that emerged from pupae were counted daily.
Inducibility of aurofusarin synthesis by mechanical injury. To visualise aur-
ofusarin induction by injury, fungal spores were spread onto GM7 medium
incubated at 22 °C. The developed mycelia were injured with an array of 10 razor
blades spaced at 1 mm apart. 24 h later, the aurofusarin accumulation was mon-
itored as red pigment. For HPLC analysis of the aurofusarin accumulation after
injury, 10,000 spores of F. graminearum IFA66 in 10 µl of water were inoculated
into the middle of rice medium in Petri dishes and incubated at 23 °C in the dark
for 5 d. Mycelium on the plate surface was injured by five cuts with an array of 10
razor blades spaced at 1 mm apart. The cultures were kept at 23 °C, harvested at a
time series, and extracted for aurofusarin analysis.
Exposure of Aspergillus ochraceus to predation. For treatment with the
springtails, A. ochraceus 6692 was grown on three autoclaved rice kernels, as
described for F. graminearum under “Exposure of F. graminearum and F. cul-
morum…”. After 5 d at room temperature in the dark, the springtail F. candida was
added (20 mg, ca. 200 individuals) and allowed to feed for 6 d. For treatments with
mealworms, A. ochraceus was grown in a medium made by autoclaving 1 g of
maize flour with 4 ml of tap water in 100-ml Erlenmeyer flasks. After 5 d at room
temperature in the dark, eight larvae of T. molitor were added to each flask and
allowed to feed for 6 d. The animals were removed, the cultures were freeze–dried,
and viomellein was extracted with chloroform/methanol (80:20) using a 2-ml
solvent for rice cultures and a 15-ml solvent for maize cultures. The extracts were
cleared by centrifugation and the solvent was removed in a vacuum. The residue
was dissolved in DMSO.
Determination of aurofusarin and viomellein content by HPLC-DAD. Aur-
ofusarin was extracted from freeze–dried cultures using chloroform/methanol
(80:20). The extracts were cleared by centrifugation, the solvent was removed in
a vacuum, and the residue was dissolved in DMSO. The aurofusarin content was
determined by HPLC with a diode-array detector (DAD, Varian Prostar) using a
polar-modified C18 column (Polaris Ether, 100 × 2.0 mm; Varian, Darmstadt,
Germany) that was kept at 40 °C, which was eluted with a gradient of Solvents A
(water with 0.05% acetic acid and 5% acetonitrile) and B (methanol with 0.05%
acetic acid): 0.1 min 60% B, 11.9 min 60–98% B, 2 min 98% B, 1 min 98–60% B,
8 min 60% B. Light absorption was monitored at 243 nm. The aurofusarin
standard turned out to be extremely unstable in protic solvents and under light,
as has been observed by other researchers63. Stock solutions in DMSO were
therefore kept at − 80 °C. We found that it was crucial to prepare calibration
standards in pure methanol instead of using the mobile phase to prevent
degradation during the run. Viomellein was extracted in the same manner as
aurofusarin. The residue after solvent removal was dissolved in DMSO and
analysed by HPLC on a C18 column (Kinetex 2.6 µm, 50 × 2.1 mm, Phenomenex,
Aschaffenburg, Germany) that was kept at 40 °C, which was eluted with a gra-
dient of Solvents A (water with 3% acetic acid and 5% acetonitrile) and B
(methanol with 3% acetic acid) as follows: 2 min 40% B, 12 min 40–98% B, 2 min
98–98%, and 1 min 98–40% B, 8 min 40% B. Viomellein was detected by light
absorption at 270 nm. Aurofusarin and viomellein standards were purchased
from Bioviotica (Göttingen, Germany).
Aurofusarin analysis by HPLC-MS/MS and HPLC-ELSD. Because the con-
centrations of aurofusarin in fungal mycelia that were determined by HPLC-DAD
turned out to be unprecedentedly high, two other methods were used for confirma-
tion. The first method was HPLC-MS/MS with separation on a polar-modified C18
column (Polaris Ether, 100 × 2.0mm; Varian, Darmstadt, Germany) that was kept at
40 °C, which was eluted with a gradient of Solvents A (water with 0.1% formic acid)
and B (methanol) as follows: 0.2min 40% B, 6.8min 40–98% B, 2min 98% B, 1min
98–40% B, 5 min 40% B. The eluent was ionised by electrospray in a positive mode
with a capillary voltage of 4000 V. The triple quadrupole 6460 (Agilent, Darmstadt,
Germany) that was used as a detector was operated in a selected reaction monitoring
mode with the transition m/z 571.3- > 556.0. Aurofusarin standards were prepared
shortly before analysis by diluting a stock solution in DMSO with pure methanol (see
previous paragraph). As an additional verification method independent of the aur-
ofusarin standard, HPLC coupled with an evaporative light scattering detector (ELSD)
was used. The analyte was chromatographically separated (as described above), and
the eluent was directed into the ELSD 1260 detector (Agilent, Darmstadt, Germany)
operated at a nebuliser temperature of 40 °C, an evaporator temperature of 42 °C, and
an evaporator gas flow of 1.6 standard litres per minute. Tetracycline hydrochloride
(Sigma-Aldrich, Munich, Germany) was used as a standard.
Statistics and reproducibility. The investigators were not blinded. In the RNAseq
experiment, four biological replicates were used because we were interested in the
gene clusters that were most strongly induced. In the food choice experiments, the
number of animals per arena was limited to 8–20 (depending on the species) due to
the requirement that the animals not consume all of the food before the end of the
experiment. Statistical tests were deemed unnecessary in certain food choice
experiments (Fig. 3, Supplementary Fig. 5) and in the stimulation of aurofusarin
synthesis by grazing (Fig. 2d, e, Fig. 6c) owing to the high magnitude of the effects.
In time series shown in Fig. 3, Fig. 4b, Fig. 5b, Fig. 8b–e, and Supplementary Fig. 5,
the same samples were measured repeatedly. In all other experiments each mea-
surement was taken from a distinct sample.
Bar graphs show means ± SEM, and line graphs show means ± 95% CI. Box
plots show medians and lower and quartiles (Q1 and Q3), with whiskers showing
the largest (smallest) observation or 1.5-fold of the interquartile range, whichever is
smaller (larger) (Q1–1.5 × (Q3−Q1), Q3+ 1.5 × (Q3−Q1). The significance of the
differences between the means for the weight gain of mealworms and for the
consumption of wheat flour with/without aurofusarin was tested via unpaired
t tests. The significance of differences in the transcription of the aurofusarin gene
cluster was determined as follows: Ct values for target genes and two internal
reference genes (glyceraldehyde-3-phosphate dehydrogenase and elongation factor
1a) were adjusted for amplification efficiencies, which were obtained from dilution
series62. ΔCt was calculated for predated cultures and controls, and the two groups
were compared by unpaired two-tailed t tests. The induction of gene expression
was regarded as significant when relative mRNA levels of at least three genes
increased at least threefold and the increase was statistically significant with both
reference genes (*0.05 < P < 0.01, **0.01 < P < 0.0001, ***P < 0.0001). Sample size
and p values are shown in Supplementary Data File 3.
Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.
Data availability
RNAseq data are accessible at ArrayExpress under accession code E-MTAB-6939
[https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-6939/] and their analysis is
shown in Supplementary Data 1. The authors declare that all other data supporting the
findings of this study are available within the article and its Supplementary Information,
Supplementary Data files and in the Source Data file.
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SUPPLEMENTARY INFORMATION 
Protection of filamentous fungi from wide-range of predators 
by bis-naphthopyrone pigments
Xu et al. 
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Supplementary Fig. 1 Springtails grazing induces biosynthetic pathways for cysteine-rich 
proteins, fusarin C and fusaristatin A in F. graminearum. a Fragments per kilobase of mapped 
reads (FPKM) generated by Cufflinks for 7 most strongly up-regulated genes encoding small 
secreted cysteine-rich proteins in F. graminearum when predated by the springtail F. candida for 
48 h according to RNAseq data; beta-tubulin gene is shown as a reference. b,c Up-regulation of 
fusarin C and fusaristatin A pathways in F. graminearum after exposure to the springtail 
F. candida for 48 h. The RNAseq analysis was carried out with four biological replicates; error 
bars show SEM. Source data are provided in a Source Data file. 
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Supplementary Fig. 2 Effect of springtail grazing on the transcription of additional gene clusters 
encoding secondary metabolite synthesis in Fusarium graminearum. F. graminearum was 
exposed to the springtail F. candida for 48 h and mRNA levels were determined by RNAseq. 
Accession numbers: putative cluster 3 (FGSG_03428 to FGSG_03434), putative cluster 4 
(FGSG_07820 to FGSG_07831) putative cluster 1 (FGSG_01672, FGSG_01673, FGSG_01675 
to FGSG_01677, FGSG_01679 to FGSG_01681), cluster C61 (FGSG_10542, FGSG_10543, 
FGSG_10545 to FGSG_10547, FGSG_10549, FGSG_13782), putative cluster 2 (FGSG_11984 
to FGSG_11989, FGSG_01685 to FGSG_01690), orcinol (FGSG_03956 to FGSG_03959, 
FGSG_03962 to FGSG_03971), putative cluster 7 (FGSG_09060 to FGSG_09066), putative 
cluster 5 (FGSG_04173 to FGSG_04177), putative cluster 8 (FGSG_10494 to FGSG_10496, 
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FGSG_10498), putative cluster 6 (FGSG_04740 to FGSG_04750). The RNAseq analysis was 
carried out on four biological replicates. Box plots show the median for each cluster and lower 
and upper quartiles (Q1 and Q3). Up-regulated clusters were defined as having >50% of the 
genes and/or the gene encoding the signatures enzyme induced [log2 FPKM (fold change) higher 
than 1.0 (dotted line) and a q value lower than 0.01]. Whiskers show the largest (smallest) 
observation or 1.5-fold of the interquartile range, whichever is smaller (larger) [Q1-1.5*(Q3-Q1) 





Supplementary Fig. 3 The concentration of aurofusarin in mycelia of Fusarium avenaceum 
BBA92013 (Fa), F. culmorum 3.37 (Fc), F. graminearum IFA66 (Fg), F. poae DSMZ62376 
(Fp), and F. venenatum RD90 (Fv) were grown in still and shaken (140 rpm) cultures in PDB for 
14 d at 23°C, mycelia were harvested by filtration, freeze-dried, extracted with chloroform-
methanol (80:20) and aurofusarin content was determined by HPLC-MS/MS. The coloration of 








Supplementary Fig. 4 Stimulation of the synthesis of red pigment in Fusarium spp. by grazing. 
a, Left: F. poae DSMZ 62376 culture on rice agar with an arena exposed to F. candida grazing 
for 2 d; right: control with the same arena without animals. b, F. venenatum RD15 culture with 
an arena exposure to F. candida grazing for 2 d; right: control with the same arena without 
animals. c, F. sporotrichoides IPP 0249 culture with an arena exposed to the isopod Porcellio 
scaber for 2 d. d, F. venenatum RD 90 culture with an arena exposure to the isopod Porcellio 
scaber for 2 d. e, F. avenaceum BBA92013 culture with an arena exposure to F. candida for 2 d. 
The animals were confined to grazing arenas of 15 mm diameter with plastic cylinders inserted 




Supplementary Fig. 5 Effect of aurofusarin and mycotoxins deoxynivalenol and zearalenone on 
the food preference in arthropods. a Preference of the springtail F. candida for Fusarium verticil-
lioides over F. graminearum. The springtails starved for two days were placed into the centre of a 
Petri dish with the fungal cultures on the opposite sides of the dish and the number of animals 
feeding on each culture was monitored (20 animals per plate; 6 replicates). b Disruption of 
aurofusarin synthesis in F. graminearum (∆AUR2, ∆AUR3) reversed the preference of 
F. candida for Fusarium species; disruption of zearalenone (∆ZEN) and deoxynivalenol (∆DON) 
synthesis did not affect the food preference. The fungal cultures were placed along inner edges of 
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Petri dishes in equal distances (20 animals per plate; 8 replicates).  c F. candida preferred 
F. verticillioides over F. graminearum wild type and F. graminearum strains with disrupted 
synthesis of zearalenone and deoxynivalenol (20 animals per plate; 8 replicates). d Isopod 
T. tomentosa preferred F. graminearum strains with disrupted synthesis of aurofusarin over wild 
type strain and strains with disrupted synthesis of zearalenone and deoxynivalenol (8 animals per 






Supplementary Fig. 6 Effect of mechanical damage on Fusarium venenatum. Culture of 
F. venenatum RD15 growing on GM7 medium at was injured with a razor blade array as in Fig. 6 
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Abstract: The volume and complexity of commercial bioreactors for sterile hydroponics and hairy
roots are too large for comparative analysis of many cultures. Here a small-scale bioreactor fabricated
from standard glass materials and suitable for both airlift and bubble aeration mode is described.
The performance of the bioreactor was tested by growing oilseed rape (Brassica napus L.) and rose
plants (Rosa canina L.) in sterile hydroponics and by cultivating hairy roots of henbane (Hyoscyamus
niger L.) and sesame (Hyoscyamus niger L.). Plants grown in hydroponics for up to six weeks did not
show chloroses or necroses. Hairy roots grew faster or comparably fast in bioreactors as compared
to shaking flasks. Root exudates of roses and exudates of hairy roots of henbane were subjected to
targeted and nontargeted analysis by HPLC coupled with optical and mass spectrometric detectors.
The diversity and concentration of hairy root exudates were higher in bioreactors than in shaking
flasks. The composition of hairy root exudates of three accessions of H. niger did not match the genetic
relatedness among the accessions. Hairy roots of Hyoscyamus niger exuded salicylic acid in amounts
varying among plant accessions and between bioreactors and shaking flask cultures.
Keywords: hairy roots; root exudates; bioreactor; salicylic acid; Hyoscyamus niger; metabolic diversity
1. Introduction
Roots of land plants exude small molecules, oligosaccharides, and proteins into the soil.
The secreted compounds called root exudates serve multiple functions: they facilitate mobilization
of soil nutrients [1–3], modulate the composition of microbial communities of the rhizosphere [4],
and attract or repel soil micro- and mesofauna, affecting crop health and productivity [5]. Exudation
of metabolites by roots is modulated by nutrient availability [6] and herbivore infestation [7]. Root
exudates in turn serve as chemical signals for symbiotic and pathogenic microorganisms [8–10], soil
herbivores and their predators [11].
Hairy roots are plant roots genetically transformed with the help of Agrobacterium rhizogenes that
exhibit neoplastic growth and can be maintained indefinitely in sterile media without externally added
phytohormones [12,13]. Because hairy root cultures consist entirely of differentiated roots and can
be easily cloned, they are an ideal model for studies of root biochemistry [14,15] and root-specific
processes such as nodulation [16] and the synthesis of root-specific metabolites [17]. Hairy roots also
proved useful in studies of interactions between crop plants and herbivores [18]. Biomass production
in hairy root cultures is higher than in callus or suspension cultures, therefore hairy roots have
been exploited for the production of plant secondary metabolites [12,19–22]. This strategy appears
Appl. Sci. 2019, 9, 3044; doi:10.3390/app9153044 www.mdpi.com/journal/applsci141
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particularly promising for large-scale production of metabolites that are primarily synthesized in the
roots, such as certain tropane alkaloids of medical interest [23] and glucosinolates with chemoprotective
potential [24]. Optimization of the activity of desired biosynthetic pathways can further increase the
efficiency of secondary metabolite production by hairy roots [25–28]. Recently genetic engineering of
hairy roots received a boost by an adaptation of CRISPR/Cas9 technology for delivery by A. rhizogenes,
which combines genome editing and hairy root induction into a single step [29]. Root exudates of
hydroponically grown genetically engineered plants [30] as well as hairy roots of genetically modified
plants [31,32] can also be used for the production of proteins for diagnostic and medical purposes
such as antibodies, antigens for immunization, and growth factors. Optimization of the production
system requires comparing multiple genetically enhanced lines because the efficiency of promoters
used to drive heterologous gene expression varies among transformation events and even among
different parts of the same plant [33]. Similarly, the expression of target genes and the yield of the
desired products varies among hairy root lines [21,28]. Production of natural products by plants that
have not been genetically engineered requires testing multiple accessions, too, because secondary
metabolite synthesis varies among plant accessions in a way that is often not predictable based on the
genotype [34,35]. Furthermore, cultivation conditions strongly affect production of plant secondary
metabolites in hydroponics [36] as well as in hairy root cultures [21,37]. For these reasons, multiple
cultures have to be grown in parallel during the optimization of hairy root-based production systems.
A major challenge for hairy root cultures is the supply of oxygen [38]. Different concepts have
been pursued to improve oxygen supply to hairy roots in mid- and large-scale bioreactors [22,39].
Apart from conventional stirred bioreactors [40] and stirred bioreactors modified to reduce sharing
damage [22,41], hairy root cultures have been grown in plastic sleeve reactors [42], bubble reactors [43],
mist reactors [44,45], airlift reactors [46], and liquid-dispersed reactors [47]. The implementation of
these concepts focused on midscale bioreactors for research on hairy roots and on industrial bioreactors.
Micro and nano bubble generators have recently been introduced into bioreactor design [48], inspired
by technologies for the delivery of oxygen and ozone in wastewater treatment [49]. The large surface
of micro/nano bubbles as compared to conventional bubbles improves oxygen transfer efficiency.
The drawback of micro and nano bubble generators is that they require high-pressure pumps.
Furthermore, in airlift mode the liquid velocity decreases with bubble radius for bubbles smaller
than 100 µm [50]. Because micro bubbles are smaller than 50 µm and nano bubbles are smaller than
200 nm [49], micro bubbles and especially nano bubbles are less suitable to drive liquid transfer in
airlift bioreactors.
Small-scale inexpensive bioreactors for screening purposes and comparative studies are lacking,
limiting our ability to address differences in the exudation potential of hairy root cultures derived from
different plant accessions. Studies of the relationship between genetic polymorphism and secondary
metabolite accumulation in plant tissues e.g., [34,51,52] and in root exudates [53] calls for comparative
analysis of numerous plant accessions. Exclusion of the effect of bacteria and fungi colonizing plants as
endophytes, pathogens, and inhabitants of the phyllosphere require axenic conditions, which can most
conveniently be achieved in sterile hydroponic cultures. Lack of small and economical incubators for
sterile hydroponics limits these studies.
Our laboratory studies the chemical diversity in sesame [34], extending the focus from seeds to
roots and hairy roots and their exudates. In another project we study biological functions of salicylic
acid, which may fulfill different roles in different species and even in different tissues of the same plant
species. Salicylic acid is known to act as a signal of plant defense response in plant shoots [54] but
we also found it in xylem sap of plants infected with a fungal pathogen [55] and in root exudates
of healthy plants, where it facilitated mobilization of soil phosphorus [1]. Salicylic acid was also
reported to participate on shaping microbial communities of the rhizosphere [56], serving as a signal
in interorganismal interactions. Comparative analysis of salicylic acid exudation by different plant
accessions requires growing multiple sterile cultures in parallel. In another project in our laboratory we
study replant disease of roses. This project relies on the analysis of root exudates because we pursue a
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hypothesis explaining the disease by the effects of certain components of root exudates accumulating
in the rhizosphere of roses [57]. Root exudates of rose accessions known to suffer from replant disease
have to be collected under sterile conditions, their components identified and the phytotoxicity of
these components determined. Progress in all three projects has been hampered by the lack of small
bioreactors for sterile hydroponics and hairy root cultures.
The objective of this work was to develop a small-volume, low-cost bioreactor and validate
its suitability for hydroponic cultures of Brassica napus and Rosa canina, for growing hairy roots of
Hyoscyamus niger and Sesamum indicum and for the collection of root exudates and hairy root exudates
suitable for HPLC analysis.
2. Materials and Methods
2.1. Bioreactor Design
The concept and operating principle of the bioreactor are shown on Figure 1. The body of the
bioreactor is connected to an external draft tube. In airlift aeration mode, air bubbles released from a
glass frit at the bottom of the draft tube saturate medium with oxygen and drive nutrient medium flow
between the draft tube and the reactor body (Figure 1A). The aeration mode can be switched from
airlift to bubble mode by attaching air supply to the port on the top of the draft tube and closing the
port at the bottom of the draft tube (Figure 1A). The facility to control the aeration mode by connecting
air supply to an appropriate port of the draft tube with remaining parts of the reactor unchanged is a
distinctive feature of the design.
Figure 1. Scheme of bioreactor operating in airlift mode (A) and bubble aeration mode (B).
The second part of the reactor is an internal cylinder inserted into the reactor body. The internal
cylinder holds a supporting disk that carries plants or hairy roots. The disk, which loosely resides
on the perimeter of the cylinder (Figure 2A, part 1), can be cut from a perforated plate or mesh made
of plastic, stainless steel or other materials. The internal cylinder is equipped with a handle for easy
removal to facilitate harvesting cultivated material under a sterile bench.
All components and working principles of the bioreactor have been known but the double function
of the external draft tube and the way how the bioreactor is assembled from common glass components
(see also the following section) are new to this design.
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Figure 2. Bioreactor for sterile hydroponics and hairy root cultures. (A) Components of the bioreactor
are (1) internal cylinder with a polypropylene mesh, (2) connector for air supply with a glass frit,
(3) reactor body with an attached draft tube, (4) light-shielding external cylinder made of polyvinyl
chloride, and (5) Petri dish serving as a lid. (B) Detailed view of a bioreactor fitted with an air supply
tube. (C) Full view of an assembled bioreactor.
2.2. Fabrication of the Bioreactor
The components of the bioreactor are shown in Figure 2A. The reactor body with an attached
draft tube (Figure 1A, part 3) and an internal glass cylinder (Figure 1A, part 1) were made of glass
tubes. The light-shielding external cylinder (Figure 1A, part 4) was cut from a polyvinyl chloride
tube. The body of the reactor had an external diameter of 90 mm, a height of 270 mm and a wall
thickness of 2.5 mm. The draft tube of 18 mm diameter and 75 mm height was connected with the
reactor body at two sites via glass tubes as shown in Figure 2A, part 3 and Figure 2B. It was furnished
with two connectors: a bottom connector accommodated a glass tube with a frit supplying air in airlift
operation mode (Figure 2A, part 2). The top connector served as air supply in bubble aeration mode.
The body of the reactor was equipped with two ports for the collection of volatiles, for an optional
CO2 supply or for air exhaust in bubble aeration mode. Ports that were not in use were closed with
screw cups. The internal cylinder had a diameter of 84 mm and a height of 70 mm. The cylinder held
a polypropylene mesh, which rested on its perimeter as a support for plants or hairy roots during
cultivation (Figure 2A, part 1). A handle attached to the internal cylinder was made of a glass rod of a
diameter of 5 mm. A clearance of 20 mm width was cut into the internal cylinder (Figure 2A, part 1) at
a position facing the draft tube (Figure 1A,B) to allow exchange of growth medium between the body
of the reactor and the draft tube and to facilitate air supply in bubble aeration mode. A glass Petri dish
with an internal diameter of 91–92 mm served as a lid (Figure 2A, part 5).
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2.3. Operation of the Bioreactor
For sterile hydroponics, the reactor was filled with nutrient solution just to the level of the mesh
supporting the plants, which required about 450 mL medium per reactor. The reactor was operated in
airlift mode with the upper port of the draft tube closed with a filter and the air supply attached to the
lower port of the draft tube. The air flow was 480 mL/min.
For growing hairy roots, the reactor was steam-sterilized and filled with nutrient solution to the
level of the supporting mesh or above, depending on whether aerial growth was desirable. Hairy
root cultures are known to suffer from inhomogeneous growth and inferior yields when grown in
air-lift reactors [46], therefore bubble aeration mode was used. The air flow was 670 mL/min. In some
experiments, the lid was loosely place over the reactor, both ports of the body of the reactor were closed
with screw cups to and the flow of air leaving the reactor below the led prevented contamination.
In other experiments, the lids were sealed in place with Parafilm and one of the ports of the reactor
body serving as an air exhaust was equipped with a hydrophobic sterile filter (Midisart, Sartorius,
Göttingen, Germany).
Low-cost aquarium pumps connected to the reactors via Midisart filters were used as air supply.
The reactors were operated in an environmental chamber (Mytron, Bio-u. Solartechnik GmbH,
Heiligenstadt, Germany) set to a constant temperature (varying among the experiments as described
in Section 3) and 12 h light per day. We have not measured oxygen concentration in growth medium
because the concentration within in the bulk of hairy roots is likely to vary with the location of the
probe and accurate methods for the determination of volumetric mass transfer coefficient, such as
a rapid switch between input gases with different oxygen concentrations or the dynamic pressure
method [58], were beyond the scope of this work.
2.4. Plant Material
Seeds of Brassica napus var. napus, rapid cycling accession were provided by P.H. Williams
(Crucifer Genetics Cooperative at the University of Wisconsin-Madison, WI, USA). Sterile cuttings
of rose plants (Rosa canina L., variety “The Fairy”) were purchased from Institut für Pflanzenkultur
(Schnega, Germany). Accessions of Hyoscymus niger and Sesamum indicum used in this study are listed
in Tables 1 and 2.
Table 1. Hyoscyamus niger.
Label Origin Year Source
Iraq Iraq, Daray Mar 2014 Collected by ZJK
Iran Iran, Isfahan 2015 Pakan Bazr *
Germany Germany, Göttingen 2016 Botanical garden
* Seeds were provided by Pakan Bazr company, Iran.
Table 2. Sesamum indicum accessions.
Label Origin Year * Accession
India India, Hyderabad 2004 Acc. 92–2918 **
Japan Japan 2004 Acc. 92–3030 **
Sumer S2b Iraq, Erbil 2014 Sumer S2b ***
* Year of the acquisition of seeds from the collection. ** Centro Nacional Inv. Agropecuarias (CENIAP) Germplasm
Bank, Venezuela. *** Ministry of Agriculture, Regional Government of Iraqi Kurdistan, General Directorate of
Research, Extension and Training.
2.5. Analysis of Root Exudates by HPLC-DAD
Growth medium was filtered through paper filter to remove root fragments and concentrated in a
rotary evaporator to 1/4 volume. The concentrate was extracted with equal volume of ethyl acetate,
the watery phase was acidified with 1% acetic acid and extracted with a new portion of ethyl acetate.
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The extracts were combined and solvent was removed in vacuum. Three biological replicates were
prepared and extracts of culture medium incubated in bioreactors under the same conditions yet
without plants were used as blanks. Thirty-three milligrams of dried residue were suspended in 1.5 mL
of methanol/water (1:1) and sonicated for 5 min. The suspension was filtered through 0.4 µm filters and
10 µl were injected into HPLC system 1290 Infinity II with a DAD detector G7117B (Agilent, Darmstadt,
Germany) equipped with a Varian Polaris C18 Ether column (3 µm particle size, 2 × 100 mm) kept at
35 ◦C. LC-MS grade methanol and distilled water were acidified with 0.1% formic acid and used for
gradient elution from 95% to 0% water in 20 min at a flow rate of 0.2 mL/min. Light absorption spectra
were recorded from 220 to 550 nm and chromatograms at the wavelengths 229, 254, 280, and 320 nm
were monitored. The bandwidth was set to 4 nm and the reference wavelength to 600 nm.
2.6. Induction of Hairy Roots
Agrobacterium rhizogenes ATCC 15834 was grown in YEB medium [59] (0.5% peptone, 0.1% yeast
extract, 0.5% meat extract, 0.5% sucrose, 0.049% MgSO4. 7H2O, 1.5% agar, pH 6.8–7.2), at 25–26 ◦C for
36 h in the dark on a rotatory shaker (100 rpm). The cells were harvested by centrifugation at 5000× g for
15 min, re-suspended in MS medium (Murashige and Skoog medium, [60]) and set to the OD600 of 1.3.
Leaves were harvested from four weeks old plants grown under sterile conditions from superficially
sterilized seeds, cut into squares of 1 × 1 cm, placed on 1/2 MS medium solidified with 0.7% agar and
co-cultivated with A. rhizogenes for 30 min at room temperature. After the incubation, leaf segments
were dried with sterile filter paper and placed onto phytohormone-free MS medium supplemented
with 2.2% (w/v) sucrose and solidified with 0.7% agar and incubated in darkness at 22 ◦C. After 72 h
the segments were transferred onto fresh medium supplemented with cefotaxime at 500 mg/L. About
two weeks after the inoculation the formation of the first roots was observed. One root was excised
from each leaf segment. These roots were treated as hairy root clones. The roots were subcultured each
30 days. After six passages, sterile hairy roots were transferred to antibiotic-free medium.
2.7. Analysis of Hairy Root Exudates by HPLC-ELSD
Three biological replicates were prepared and culture medium was used as a blank. The samples
were analyzed by HPLC using Agilent 1290 Infinity II system coupled to an Agilent 1260 evaporative
light-scattering detector (ELSD) (Agilent, Darmstadt, Germany). For the ELSD, the evaporation
temperature was set to 42 ◦C, the nebulizer temperature to 40 ◦C and the nebulizer N2 flow amounted
1.6 L/min. A Varian Polaris C18 Ether column (3 µm particle size, 2 × 100 mm) was used for separation.
The column temperature was kept at 35 ◦C and samples of 40 µL were injected. LC-MS grade methanol
obtained from Chemsolute (Th. Geyer, Renningen, Germany) and distilled water purified by Arium
Pro water purification system (Sartorius, Göttingen, Germany) were acidified with 0.1% LC-MS grade
formic acid (Honeywell Fluka, Bucharest, Romania) and used for gradient elution from 90% to 2%
water in 15 min at a flow rate of 0.2 mL/min.
2.8. Analysis of Salicylic Acid Content in Hairy Root Exudates by HPLC-MS
The samples were analyzed by HPLC using an Agilent 1290 Infinity II system (see Section 2.7
for details) with the column maintained at 35 ◦C. LC-MS grade methanol and distilled water were
acidified with 0.1% formic acid and used for gradient elution from 95% to 0% water in 20 min at a
flow rate of 0.2 mL/min. The HPLC system was coupled to an Agilent 6545 QTOF equipped with a
Jet Stream source operated with the following settings: drying gas temperature 320 ◦C, drying gas
flow 8 L/min, nebulizer pressure 35 psig, sheath gas temperature 350 ◦C, and sheath gas flow 11 L/min.
Negative mode data were acquired with three spectra pre second recorded from 100 to 1700 m/z.
External calibration was prepared from salicylic acid solutions in 50% methanol.
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2.9. Primer Design and Sequence Analysis
The sequence of Tr2 gene from Hyoscyamus niger (accession No. AB026545.1, tropinone reductase
II) was used for the design of primers for PCR and sequencing. The primers (forward primer
TCTGA ACGAG AAGAG TTTAT GAAGA and reverse primer AAGTG ATAAG CAGCC TCAAA
GT) amplified a segment of the gene from 1543 nt to 2237 nt, producing an amplicon of 695 bp. PCR
products were sequenced by Sanger method from both ends (Macrogen Europe, Amsterdam, The
Netherlands), the complementary reads were aligned and ambiguities were resolved by inspection of
the electropherograms. An alignment of the sequences from 1592 nt to 2165 nt (original numbering of
AB026545.1) was constructed using Clustal W implemented in MEGA 10.0.4 [61] and used to calculate
nucleotide differences per 1000 bp.
3. Application Examples
The performance of the bioreactor was tested by growing two plant species in sterile hydroponics
and collecting root exudates; by comparing growths rate of hairy roots generated from two plant
species; and by collecting and analyzing hairy root exudates.
3.1. Growing Oilseed Rape (Brassica napus L.) in Sterile Hydroponics
Ten surface-sterilized seeds of a rapid cycling variety of Brassica napus were placed into bioreactors
filled with half-concentrated MS medium [60] without sucrose and operated in airlift mode. The plants
grown at 24 ◦C for three weeks have not shown any chloroses or other negative effects of cultivation in
restricted space and at high air humidity [62,63] (Figure 3).
Figure 3. Oilseed rape (Brassica napus L.) grown in sterile hydroponics. Ten plants per bioreactor were
grown in 0.5×MS medium for three weeks at 24 ◦C with 12 h light per day. External light-shielding
cylinders were removed for the photography.
3.2. Growing Rose Plants (Rosa canina L.) in Sterile Hydroponics
Rose cuttings were adapted to light for 3 days at 20 ◦C under long day conditions before transfer
to bioreactors. A single rose plant per bioreactor was cultivated for six weeks in half-concentrated MS
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medium with 2 g sucrose per liter and pH-value set to 5.8 with KOH in bioreactors in the airlift mode
(Figure 4). The plants were grown at 20 ◦C for four weeks.
All roots formed on cuttings were adventitious by definition, yet strong white roots penetrating
the plastic mesh and growing downwards resembled primary and seminal roots, while dark roots
growing on the surface of the mesh and supporting the plants in a vertical position resembled crown
roots (Figure 4). The roots growing downwards in medium remained white for the entire cultivation
period without signs of necroses, which typically occur in medium solidified with agar (A. Sirrenberg,
unpublished observation) due to replant disease syndrome [57].
Figure 4. Rose plant (Rosa canina L.) growing in sterile hydroponics in 0.5×Murashige–Skoog medium
supplemented with 2% sucrose in a bioreactor operated in airlift mode.
3.3. Collection and Analysis of Root Exudates of Rose (Rosa canina L.) by HPLC-DAD
Rose plants (Rosa canina L.) were grown in medium with 2% sucrose for the collection of root
exudates as shown in Figure 4. After four weeks, plants were removed and medium was filtered and
stored at −20◦C. For the chemical analysis of root exudates, exclusion of microbial contamination is
crucial because microorganisms use the exudates as nutrients and contaminate the medium with their
own metabolites. In 11 experiments with 3 to 6 parallel cultures each, contamination occurred in less
than 5% cultures. A total of 13.2 L medium were collected, concentrated in vacuum and extracted
with ethyl acetate (see Section 2.5.) for the analysis and purification of selected components of root
exudates. Figure 5 shows a typical result of the analysis of root exudates of rose plants collected in
bioreactors by HPLC coupled to a UV detector (HPLC-DAD).
3.4. Growing Hairy Roots of Hyoscyamus niger and Sesamum indicum
To compare the yield of hairy roots in the bioreactor and in shaken flask cultures, hairy roots
originating from three accession of each Hyoscyamus niger and Sesamum indicum were cultivated in
bioreactors and in shaking flasks. The cultures were initiated by 100 mg of hairy roots cut into 1 cm-long
pieces. Culture flasks of 300 mL volume contained 50 mL MS medium supplemented with 2.5% sucrose.
The cultures were grown on a shaker at 90 rpm in the dark at 25 ◦C and in bioreactors operated in
bubble mode with an air flow of 670 mL/min (Figure 6).
After 30 days, hairy roots were harvested by filtration, blotted dry with sterilized filter paper,
frozen at −20 ◦C overnight and lyophilized for 72 h. Then the dry weight of hairy roots was determined
(Figure 7).
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Figure 5. HPLC analysis of root exudates of rose (Rosa canina L.) collected in the bioreactor. (A) HPLC
chromatogram of root exudates separated on a reverse-phase column, eluted with a methanol gradient
and detected by light absorption at 254 nm. (B) UV absorption spectra of major phenolic compounds
recorded using a diode array detector coupled to HPLC.
Figure 6. Hairy root cultures generated from several accessions of Hyoscyamus niger in bioreactors
operated in a bubble aeration mode.
The biomass of hairy roots varied among accessions but we have not investigated these differences
statistically because our purpose was to compare the performance of the bioreactor with that of flask
cultures. In Sesamum indicum, the biomass of hairy roots grown in bioreactors was larger than or similar
to the biomass harvested from shaking flasks. In Hyoscyamus niger, more biomass was harvested from
bioreactors than from flasks in all three plant accessions studied (Figure 7). We assume that better
supply of oxygen in the bioreactor was the cause of these differences.
3.5. Collection and Nontargeted Analysis of Hairy Root Exudates of Sesamum indicum
Growth medium of hairy root cultures grown as described above was cleared by centrifugation
for 10 min at 2900× g to remove root fragments. The medium was used for HPLC-ELSD analysis
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without cleanup. Figure 8 shows a comparison of HPLC-ELSD chromatograms of hairy root exudates
obtained from the bioreactor and from a flask culture for one accession of sesame.
Figure 7. Biomass of hairy roots grown in bioreactors and flask cultures. Hairy root cultures originating
from three accessions of each plant species were grown for 30 days and the dry weight of harvested
biomass was determined. Asterisks denote significant differences between means (two-tailed t-test,
n = 3, p < 0.05).
Figure 8. Comparison of HPLC-ELSD chromatograms of hairy roots exudates of Sesamum indicum
(accession Japan) grown in the bioreactor and a flask culture. Culture fluid clarified by centrifugation
was directly analyzed by HPLC-ELSD.
The amount and diversity of hairy root exudates obtained from a bioreactor were higher than
the amount and diversity of exudates obtained from a shaking flask culture (Figure 8). Better oxygen
supply in the bioreactors was the likely reason. Most importantly, all metabolic signals recorded in
exudates from the flask culture were also found in exudates from the bioreactor, indicating that that
few (if any) metabolites will be lost by replacing culture flasks with bioreactors.
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3.6. Analysis of Salicylic Acid Exudation by Hairy Roots of Hyoscyamus niger
To test the suitability of the bioreactor for comparative studies of salicylic acid exudation by hairy
roots, hairy root cultures generated from three accessions of Hyoscyamus niger and Sesamum indicum
were grown in 0.5×MS medium with 2.5% sucrose in bioreactors operated in bubble mode and in
shaken flasks. After 30 days, growth medium was collected, extracted with ethyl acetate and the
extracts were analyzed by HPLC-MS. The results are shown in Figure 9.
Hairy roots of Hyoscyamus niger exuded salicylic acid into growth medium in amounts varying
from 2 µg/L to 60 µg/L, while hairy root exudates of Sesamum indicum has not secreted detectable
amounts of salicylic acid (data not shown). Cultivation conditions strongly affected the concentration
of salicylic acid accumulating in nutrient solution. Hairy roots of one plant accession secreted larger
amounts of salicylic acid in bioreactors, while hairy roots on another accession secreted much large
amounts of salicylic acid in shaking flasks (Figure 9). This surprising result indicates that the response
of salicylic acid pathway to environmental cues varies among populations of the same plant species.
We speculate that these differences reflect selection pressures exerted by different environments
on the plants. The result corroborates our assumption that studying differences in salicylic acid
production among plants with different life histories may shed light into biological functions of this
multifaceted metabolite.
Figure 9. Salicylic acid accumulated in nutrient solution of hairy root cultures derived from three
accessions of Hyoscyamus niger (designated Iraq, Iran and Germany) and grown in bioreactors and in
shaking flasks for three weeks. Dotted lines show the means.
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As far as we are aware, secretion of salicylic acid by hairy roots has not been reported yet. Adding
salicylic acid to culture medium of hairy roots was used to stimulate the synthesis of alkaloids [64],
including hyoscyamine and further tropane alkaloids [65,66], which are also produced by Hyoscyamus
niger. The interplay between the secretion of salicylic acid and stimulation of alkaloid synthesis by
externally added salicylic acid adds to the complexity of biological roles and effects of salicylic acid
in plants.
3.7. Nontargeted Analysis of Hairy Root Exudates in Hyoscyamus niger: Comparison to Shaking Flasks
Hairy root cultures of H. niger were grown in the bioreactor operated in a bubble mode and in
traditional shaken flask cultures. After 30 days, growth media were collected, extracted with ethyl
acetate and the extracts were analyzed by HPLC. Because the components of the exudates were
unknown, an evaporative light scattering detector (ELSD) was used, which allows for an approximate
comparison of concentrations without authentic standards because the response factor of the detector
is largely independent of the chemical structure of the analyte [67].
The results of the analysis of hairy root exudates by HPLC-ELSD are shown in Table 3. The average
standard error of the intensity of HPLC signals in exudates obtained from bioreactors was 20%, compared
to the average standard error of 28% for exudates from shaken flasks. Thus the reproducibility of the
composition of hairy root exudates collected in bioreactors appears higher than the reproducibility of
exudates collected in shaking flasks. The total intensity of HPLC-ELSD signals detected in exudates
from bioreactors (average total per accession of 9024) was 1.6-times larger than the total intensity of
signals from shaking flasks (average total per accession of 5692), indicating that hairy roots exuded
larger amounts of metabolites in bioreactors as compared to shaking flasks.
Table 3. Exudates of hairy roots of Hyoscyamus niger collected in bioreactor and flask cultures. The exudates




Metabolite Bioreactor Flasks Bioreactor Flasks Bioreactor Flasks
Compound 1 3.6 N.d. 224 ± 191** N.d. N.d. N.d. N.d.
Compound 2 4.3 41 ± 4 N.d. 41 ± 4 N.d. N.d. 100 ± 125
Compound 3 6.1 128 ± 18 20 ± 2 24 ± 1 32 ± 2 30 ± 4 41 ± 2
Compound 4 6.8 12,500 ± 600 2300 ± 00 5700 ± 490 5100 ± 200 7000 ± 300 5900 ± 200
Compound 5 7.7 29 ± 5 N.d. N.d. N.d. N.d. N.d.
Compound 9 9.5 40 ± 8 N.d. N.d. N.d. 35 ± 9 N.d.
Compound 10 9.7 75 ± 29 750 ± 350 1300 ± 650 485 ± 175 N.d. 1750 ± 490
Compound 11 9.9 42 ± 29 N.d. N.d. N.d. N.d. N.d.
Compound 12 10.5 N.d. N.d. 32 ± 2 52 ± 13 N.d. 120 ± 30
Compound 13 11.1 N.d. N.d. 51 ± 18 110 ± 41 N.d. 67 ± 2
Compound 14 11.3 N.d. N.d. 21 ± 5 N.d. N.d. N.d.
Compound 17 14.8 N.d. 87 ± 8 N.d. N.d. N.d. N.d.
* Retention time [min]. ** Signal intensity [peak area] as mean ± s.d.
3.8. Metabolic Diversity of Hairy Root Exudates and Genetic Diversity in Hyoscyamus niger
One of the goals of studies of chemical diversity in plants is to assess the relationship between
metabolic and genetic diversity. The results of a limited number of studies indicated that patterns of
genetic and metabolic similarity may be incongruent [34,35,68]. The bioreactor designed in this work
will facilitate comparison of root exudates and/or hairy root exudates for plant accessions with known
genetic relationships. To demonstrate this approach on hairy root exudates of Hyoscyamus niger (see
Section 3.7.), we determined pairwise Euclidean distances among normalized metabolic profiles of
hairy root exudates of three varieties of H. niger. To determine the effect of cultivation system on the
composition of the exudates, we also determined the distances between metabolic profiles of each
variety grown in bioreactors and in shaking flasks.
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The results showed that the differences among accessions were of the same magnitude as
differences due to cultivation conditions (Figure 10). To obtain a first insight into the relationship
between metabolic profiles and genetic distances among plant accessions from which the hairy roots
were derived, the third intron of the Tr2 gene was sequenced. Tr2 encodes tropinone reductase,
which is involved in the synthesis of tropane alkaloids. The sequences were deposited in NCBI under
Nos. MN017172 (accession Iraq), MN017173 (accession Iran), and MN017174 (accession Germany).
The number of nucleotide differences per 1000 bp between the sequences from the accessions Iraq/Iran
and Iraq/Germany were 21 and 23, respectively, while the accessions Iran and Germany differed in only
2 nucleotides. Thus the accessions Iran and Germany appeared more closely related than each of them
to the accession Iraq. The similarity between sequences of a Tr2 gene of the accessions Iran and Germany
was not reflected by the similarities of metabolic profiles of their hairy root exudates (Figure 10).
Depending on cultivation conditions, the most similar profiles were Iraq/Germany and Iraq/Iran.
The discrepancy between metabolic and genetic similarity is in line with the results of previous studies
in other plant species [34,35,68]. In contrast, chemical profiles and microsatellite markers in Citrus
aurantium were correlated [69]. Hyoscyamus niger is an attractive model to study the relationship
between metabolic and genetic diversity in plants because it is a source of medicinally useful tropane
alkaloids [70]. Attempts to produce tropane alkaloids in hairy root cultures of Hyoscyamus niger began
decades ago [71] yet nothing is known about the genetic variation within the species. The availability
of small-scale, inexpensive bioreactors will allow for comprehensive sampling of metabolic diversity
in hairy root cultures of H. niger, which will facilitate selection of accessions for production purposes
and enable studies of the relationship between metabolic and genetic diversity in this medical plant.
Figure 10. Euclidean distances between normalized metabolic profiles of hairy root exudates obtained
from three accessions of Hyoscyamus niger (designated Iraq, Iran and Germany) grown in bioreactors
and flask cultures.
4. Conclusions
The bioreactor designed in this work proved suitable for growing plants in sterile hydroponics, for
cultivating hairy roots, and for collecting root and hairy root exudates. Hairy root cultures accumulated
biomass at a comparable rate or faster in the bioreactor than in shaking flasks. The bioreactor
outperformed shaking flasks regarding the diversity and quantity of hairy root exudates of H. niger.
Validation experiments lead to new findings regarding the metabolic diversity in hairy root
exudates of Hyoscyamus niger, which turned out to be incongruent with the genetic relationships among
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plant accessions. Salicylic acid secretion by hairy roots of Hyoscyamus niger varied widely among plant
accessions and between cultivation conditions.
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